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V.  Kowalenlco 


ABSTRACT 


In  this  report  theoretical  aspects  of  electromagnetic  launchers  are 
presented  in  conjunction  with  an  analysis  of  diagnostic  measurements  ta;cen 
during  the  RAPID  Plasma  Intensity  Profiles  (RPIP)  series  of  firings.  These 
theoretical  aspects  deal  with  the  current-time  behaviour,  the  plasma 
temperature  and  the  evaluation  of  rallgun  parameters  such  as  the  efficiency 
and  effective  Inductance  per  unit  length. 

The  principal  alms  of  the  RPIP  series  were:  (i)  to  see  if  dlfferen 
types  and  masses  of  plasma-generating  foils  affected  rallgun  performance  and 
the  diagnostic  measurements  taken  during  each  firing  and  (2)  to  compare  some 
of  the  theoretical  predictions  of  the  Plasma  Armature  Rail  Accelerator  (PARA) 
simulation  code  with  experimental  results. 

Projectile  displacement-time  results  for  the  series  were  obtained  b 
digitising  photographs  from  a  screak  camera  and  in  order  to  verify  the  para 
predictions  for  plasma-length  behaviour,  light  intensity  profiles  were 
produced  from  mlcrodensltometer  readings  of  the  screak  films. 

The  experimental  results  were  affected  by  plasma  disruption,  arcing 
ahead  of  the  projectile  and  plasma  leakage.  These  effects  are  also  discussed 
in  this  report. 
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SYMBOLS 


A 

a 


B 

b 


crosa-s«ccional  area  of  the  rails, 

coefficient  of  a  quadratic  curve  fit,  m/s^ 

coefficient  of  a  cubic  curve  fit,  m/s^ 

fflaqnetlc  field  in  the  plasma  armature,  T 

coefficient  of  a  quadratic  curve  fit,  m/s 

coefficient  of  a  cubic  curve  fit,  m/s 

capacitance  of  the  capacitor  bank,  F 

coefficient  of  a  quadratic  curve  fit,  m 

coefficient  of  a  cubic  curve  fit,  m/s 

siaxlmum  vertical  extension  of  a  ballistic  pendulum,  m 

coefficient  of  a  cubic  curve  fit,  m 

induced  emf,  v 

energy  lost  due  to  resistive  heating  in  the  capacltlvely-driven 
stage,  J 

general  force  term  acting  against  the  motion  of  the  arc-projectile 
system,  B 

time  factor  for  the  streak  camera 
acceleration  due  to  gravity,  m/s^ 
height  of  the  bore  in  a  raligun,  m 
height  of  the  rails,  m 
current  in  the  raligun  circuit,  A 

current  in  the  raligun  circuit  at  the  instant  of  crowbarring 
of  the  capacitor  bank,  A 

current  passing  through  the  plasma  armature  when  a  runaway 
arc  appears,  A 

current  passing  through  a  runaway  arc,  A 
product  of  the  current  and  projectile  disp'lacmient.  Am 
maximum  current  possible  in  a  raligun  circuit,  a 
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peak  current  obtained  during  a  rallgun  firing,  A 

current  in  the  rallgun  circuit  when  the  time  constant  begins 
to  vary  in  the  inductlveiy-drlven  stage,  A 

current  density  in  the  plasma  armature,  A/m^ 

gradient  obtained  from  a  plot  of  log  versus  time,  s~^ 

inductance  of  the  rallgun  circuit  excluding  the  call  inductance,  H 

rail  Inductance  per  unit  length,  H/m 

length  of  the  plasma  armature,  m 

maximum  horizontal  displacement  by  the  ballistic  pendulum,  m 

effective  inductance  per  unit  length,  H/m 

inductance  of  the  plasma  armature,  H 

propelling  inductance  pec  unit  length,  H/m 

length  of  the  runaway  arc,  m 

inductance  of  the  rails,  H 

total  vertical  length  on  a  streak  photograph,  m 

magnification  factor  for  streak  photographs 

mass  of  the  plasma  armature,  kg 

mass  of  the  ballistic  pendulum,  kg 

mass  of  the  projectile,  kg 

mass  of  the  runaway  arc,  kg 

electron  density  of  the  plasma  armature,  m~^ 

pressure  in  the  plasma  armature.  Pa 

correlation  coefficient  of  curve  fits 

charge  on  the  capacitor  bank  at  time  t,  C 

heat  flux  incident  on  the  calls  in  the  plasma  region, 

resistance  of  the  busbars  and  plasma-armature,  a 

total  circuit  resistance  in  the  inductlvely-drlven  stage,  a 
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resistance  Increase  per  unit  time  occurrlns  late  in  the 
Inductlvely-drlven  sta^e,  B/s 

resistance  per  unit  length  of  the  rails,  fi/m 

resistance  of  the  plasma  armature,  S 

resistance  of  the  runaway  arc,  B 

resistance  of  the  rails,  B 

resistance  of  the  main  switch,  s^,  B 

resistance  of  the  switch  Sj  in  a  rapid  rallgun,  B 

total  resistance  of  a  rallgun  circuit  for  the  capacitlvely- 
drlven  stage,  B 

average  internal  temperature  of  the  plasma  armature,  K 
time  from  shot-start,  s 

time  at  which  crowbarring  of  the  capacitor  banks  occurs  with 
respect  to  shot-start,  s 

exit  time  of  the  projectile  with  respect  to  shot-start,  s 

total  event  time  measured  on  a  streak  photograph,  s 

the  time  at  which  peak  current  occurs  with  respect  to 
shot-start,  s 

volume  of  the  plasma  armature,  m^ 

voltage  of  the  capacitor  bank,  v 

velocity  of  the  arc-projectlie  system,  m/s 

initial  voltage  of  the  capacitor  bank,  v 

exit  velocity  of  the  projectile,  m/s 

sum  of  the  rail-electrode  drops,  v 

voltage  measured  across  the  muzzle,  v 

maximum  possible  velocity  of  the  projectile,  m/s 

sum  of  the  electrode  drops  across  the  runaway  arc,  v 

separation  width  of  the  rails  or  bore-width,  m 

displacement  of  the  arc-pro jectlle  sysiem,  m 

degree  of  first  ionisation  in  a  plasma 


111. 


de9re«  of  second  ionisation  in  a  plasma 

dimensionless  pacasieter  appearing  in  the  SplCzer  expression 
for  plasma  resistivity 

degree  of  Ionisation  in  a  plasma 

factor  relating  the  energy  stored  Initially  In  the  capacitor 
bank  to  the  energy  stored  by  the  inductor  at  peak  current 

a  parameter  given  by  Eguatlon  (so),  s 

a  parameter  appearing  In  the  Spltzer  expression  for  resistivity 
dependent  on  the  degree  of  ionisation 

llfe-tlme  of  a  runaway  arc,  s 

upper  bound  for  the  efficiency  of  a  raiigun 

resistivity  of  the  plasma  armature,  Am 

resistivity  of  the  runaway  arc,  Bm 

average  resistivity  of  one  rail,  Om 

ratio  of  rail  voltage  term  In  Equation  (si)  to  the  runaway 
arc's  potential 

electrical  conductivity,  B”^m”' 

Stefan's  constant,  s.si  x  io“*  Jm“*x"*s“' 

time  constant  in  the  induct Ively-drlven  stage,  s 

angular  resonant  frequency  for  the  capacltlveiy-driven 
stage,  rad/s 
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AMALYSIS  OF  A  SERIES  OF  ELECTROMAGNET IC 


tAOMCHER  FIRIMGS 


1 .  HmtODPCTIOW 


A  series  of  electrorngnetlc  launcher  firings  known  as  the  RAPID 
Plasma  Intensity  Profiles  (RPIP)  Series  %ras  conducted  at  Materials  Research 
Laboratories  (MRL)  in  1983.  in  the  series,  different  masses  and  types  of 
metallic  foil  were  used  to  generate  the  plasma  armatures  within  the  launcher 
or  rallgun.  The  aim  of  this  report  is  to  present  a  detailed  analysis  of  the 
various  diagnostic  measurements  taken  during  each  firing  in  the  RPIP 
aeries. 


RAPID,  an  acronym  for  Rallgun  Armature  plasma  investigation  Device, 
was  the  type  of  closed  breech  rallgun  design  III  used  in  the  RPIP  series.  A 
special  feature  of  this  rallgun  design  was  that  optical  photography  of  the 
events  occurring  in  the  bore  during  acceleration  could  be  carried  out  because 
the  rails  were  encased  in  a  transparent  polycarbonate  gun-body. 


In  the  RPIP  series  both  streak  and  framing  cameras  were  used  to 
photograph  the  events  occurring  in  the  bore  of  the  electromagnetic  launcher. 
The  screak  films  were  analysed  in  a  mlcro-densltosieter  and  yielded  the  light 
Intensity  profiles  of  the  plassia  anuture  for  the  first  time  in  firings  at 
MRL. 


The  total  number  of  firings  in  the  RPIP  series  was  2C.  rolls  made 
of  aluminium,  copper  and  zinc  were  used  to  generate  plasm  armtures.  For 
each  foil  type  three  different  msses  were  used.  It  was  also  planned  that 
each  firing  would  be  repeated  at  least  once  in  order  to  check  the  reliability 
of  the  results  obtained  throughout  the  series.  Thus  a  total  of  it  firings 
was  initially  considered  necessary  for  the  successful  completion  of  the 
series.  However,  during  the  series,  anomlous  effects  such  as  plasm 
leakage,  arcing  ahead  of  Che  projectile  and  disruption  within  the  plasm 
arm  cure  occurred.  Plasm  leakage  and  arcing  ahead' of  the  projectile  were 

most  likely  to  occur  when  the  gun-bodies  had  eroded  severely,  particularly 
near  the  breech,  in  an  attesipc  to  overcom  these  effects,  the  RAPID  gun- 
bodies  were  removed  and  Chen  turned  end  for  end.  Hence,  the  number  of  firings 
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was  extended  so  that  the  series  might  be  completed  successfully.  However,  it 
became  apparent  after  26  firings  that  It  was  no  longer  possible  to  prevent  the 
anomalous  effects,  so  the  series  was  terminated. 


The  contents  of  this  report  are  arranged  as  follows.  In  Section  2 
some  necessary  background  information  concerned  with  the  predictions  of  the 
Plasma  Armature  Rail  Accelerator  (para)  railgun  simulation  code  Is 
presented.  some  of  the  alms  of  the  RPIP  series  evolved  from  the  predictions 
of  the  PARA  code.  The  alms  of  the  RPIP  series  are  then  presented  in  section  3 
with  the  experimental  details  for  the  series  appearing  in  section  4.  in 
section  S,  experimental  results  and  observations  are  discussed.  The  results 
for  the  exit-velocities  are  presented  in  subsection  S.l  and  then  an  analysis 
of  the  current-time  records  follows  In  Subsection  5.2.  Also  In  subsection 
5.2,  the  energy  loss  during  the  capacltlvely-drlven  stage  is  investigated. 

The  streak  photography  and  muzzle  voltage  records  are  discussed  In  Subsections 
5.3  and  5.4,  respectively.  The  displacement-time  results  obtained  from 
digitising  the  streak  photographs  and  the  velocity  data  for  RPIP  experiment 
No.  2  (RPIP02)  are  analysed  in  subsections  5.5  and  5.6.  Estimates  for  the 
length  and  average  internal  temperature  of  the  plasma  armature  using  the 
results  of  the  microdensitometer  readings  are  then  given  in  Subsections  5.7 
and  5.8  followed  by  a  short  discussion  In  subsection  5.9  concerning  damage  to 
the  rails.  In  Section  6,  three  different  railgun  parameters  are  examined. 

The  first  of  these  parameters  is  the  railgun  efficiency,  which  is  derived 
theoretically  In  Subsection  6.1.  Using  the  theoretical  expressions  In 
Subsection  6.1,  a  lower  bound  for  the  effective  inductance  per  unit  length  is 
found  In  Subsection  6.2.  The  remaining  railgun  parameter,  the  effective 
Inductance  per  unit  length  divided  by  the  total  mass  of  the  plasma  armature 
and  projectile,  is  discussed  in  conjunction  with  retardatlonal  effects  in 
Subsection  6.3.  In  section  7,  the  anomalous  effect  of  arcing  ahead  of  the 
projectile  is  examined  from  a  theoretical  viewpoint.  The  results  relevant  to 
some  of  the  alms  of  the  RPIP  series  are  then  discussed  in  Section  8.  In  the 
concluding  section  9,  a  summary  of  the  results  of  the  RPIP  series  is 
presented . 


2 .  BACKGROUND 


Railgun  performance  Is  an  expression  used  by  railgun  workers  to 
denote  the  acceleration,  velocity  and  displacement  of  the  plasma-projectile 
system  during  a  railgun  firing.  since  it  Is  the  aim  of  electromagnetic 
launchers  to  accelerate  projectiles  to  significantly  higher  velocities  than 
previously  attained  by  conventional  guns,  the  most  important  railgun 
performance  characteristic  is  the  velocity  of  the  plasma-projectile  system, 
particularly  on  exit. 


The  PARA  railgun  simulation  code  developed  by  Thlo  (21  combined  the 
prediction  of  railgun  performance  with  the  prediction  of  detailed  physical 
properties  of  the  plasma-armature.  As  a  simplification,  some  of  the  time- 
varying  properties  of  the  plasma  armature  were  obtained  by  using  a  quasl- 
statlc  approach.  The  most  important  physical  propertlej  of  the  plasma 
armature  evaluated  by  the  para  code  were  the  average  temperature,  pressure, 
volume  and  degree  of  Ionisation,  values  for  these  physical  quantities  were 
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required  for  d«tetmlnlnq  both  the  •loctrlcal  resistivity  and  resistance  of  the 
plasma  armature- 

The  electrical  resistance  of  the  plasma  armature  was  required  in  the 
PARA  code  as  a  parameter  in  the  Klrchhoff  equation  for  the  rallgun  circuit. 

The  rallgun  current  was  determined  from  the  Klrchhoff  equation  and  then 
Introduced  into  the  equation  of  motion  for  the  plasma-projectile  system  in  a 
rallgun.  Thus  it  was  necessary  to  combine  the  predictions  of  rallgun 
performance  with  the  predictions  of  the  detailed  physical  properties  of  the 
plasma  armature. 

In  the  PARA  code  the  plasma  length  was  obtained  by  dividing  the 
plasma  volume  by  cross-sectional  area  of  the  rallgun  bore.  This  was  not  an 
unreasonable  assumption  because  spectroscopic  studies  of  the  rallgun  muzzle 
flash  [3]  revealed  that  the  plasma  armature  did  Interact  with  its  walls, 
thereby  Indicating  that  the  plasma  armature  was  bounded  by  the  cross-sectional 
area  of  the  bore  along  some,  if  not  all,  of  its  length.  The  para  code's 
prediction  for  the  general  behaviour  of  the  plasma  length  during  a  firing 
could  be  compared  with  length  measurements  obtained  from  microdensitometer 
readings  of  the  streak  film.  The  plasma  length  was  found  by  measuring  the 
length  over  which  the  intensity  of  the  plasma  armature  exceeded  the  background 
Intensity  on  Che  readings. 


The  general  predictions  for  rallgun  performance  produced  by  the  para 
coda  can  also  be  checked  with  experiment.  Richardson  and  Marshall  [4 1  have 
compared  the  rallgun  performance  predictions  of  the  para  code  directly  with 
Che  experimental  results  obtained  In  Che  secies  using  the  rallgun  type  ZRCS-m 
(5,6].  They  found  that  if  the  mass  of  the  aluminium  foil  used  to  generate 
Che  plasma  armature  for  a  3  kv  firing  with  the  ER6S-IM  rallgun  was  0.0104  g, 
then  Che  projectile's  exit  velocity  predicted  by  the  PARA  code  would  range 
from  '>50  m/s  to  800  m/s  depending  on  Che  values  chosen  for  the  resistances  of 
Che  rallgun  circuit  and  for  the  electrode  potential  drops,  since  different 
values  for  the  electrode  potential  drops  and  for  the  resistance  of  the  callgu.-i 
circuit  affected  the  predictions  for  the  projectile's  exit  velocity  only 
marginally,  Richardson  and  Marshall  chose  to  use  the  values  which  would 
predict  an  exit  velocity  of  too  m/s  to  compute  the  results  for  an  aiumlnium- 
foil  mass  of  0.036  g.  They  found  that  the  predicted  exit  velocity  was  1225 
m/s.  Thus  an  increase  by  a  factor  of  3  in  the  foil  mass  would  result  in  an 
increase  of  over  50l  in  projectile  exit  velocity.  For  a  capacitor  bank 
voltage  of  7  kV,  Richardson  and  Marshall  computed  exit  velocities  of  2050  and 
1675  m/s  for  foil  masses  of  0.03C  and  0.0104  g  respectively.  The  para  code 
therefore  predicts  that  a  rallgun  can  become  more  efficient  using  heavier  foil 
masses  for  some  values  of  input  energies.  The  range  of  foil  masses  over  which 
this  behaviour  weuld  apply  was  never  determined. 


Although  the  RAPID  rallgun  for  the  RPIP  series  was  different  from 
the  ERSS-lM  rallgun,  the  input  energy  for  the  RPIP  series  was  chosen  to  be 
close  to  the  input  energy  of  a  3  kV  tiring  using  the  CRCS-iM  rallgun.  Thus 
the  behaviour  predicted  by  the  para  code  concerning  various  foil  masses  could 
be  cheeked  with  experiment. 

The  masses  of  aluminium  foil  used  in  the  RPIP  secies  were  0.002, 
0.012  and  0.062  g.  Therefore  the  range  of  aluminium  foil  masses  for  the 


RPIP  series  extended  above  and  below  the  range  considered  by  Richardson  and 
Marshall.  HencO)  if  the  PARA  code's  prediction  concerning  foil  masses  was 
correct,  then  significant  variation  in  the  projectile's  exit  velocity  would  be 
expected  in  the  RPIP  series  with  the  exit  velocities  being  substantially 
greater  for  those  firings  involving  the  heavier  pieces  of  metallic  foil. 


3.  AIMS  OF  THE  SERIES 


The  primary  aims  of  the  RPIP  series  were: 

(1)  to  study  the  effect  of  different  types  and  masses  of  plasma¬ 
generating  metallic  foil  on  rallgun  performance, 

(2)  to  observe  the  effect  of  different  types  and  masses  of  foils  on 
the  diagnostic  measurements  taken  during  each  firing,  and 

(3)  to  compare  the  PARA  code's  predictions  concerning  the 
projectile's  exit  velocity  and  the  behaviour  of  the  plasma 
length  with  the  experimental  results. 

A  number  of  secondary  alms  arose  from  the  primary  aims.  To  obtain 
data  for  the  displacement  of  the  projectile  during  a  firing,  the  plasma  was 
photographed  over  the  duration  of  each  firing.  The  secondary  aims  which 
followed  as  a  result  of  photographing  the  plasma  armature  were; 

(1)  to  study  Che  stability  and  uniformity  of  the  plasma  armature, 

(2)  to  obtain  estimates  of  the  plasma  armature  length,  and 

(3)  to  obtain  estimates  of  the  average  internal  temperature  of  the 

plasma  armature  using  the  plasma  length  estimates. 

There  were  some  additional  secondary  alms,  which  followed  from  the 
second  primary  aim  and  these  were: 

( 1 )  to  study  the  effect  of  the  different  masses  and  types  of  plasma 
generating  foil  on  the  muzzle  and  breech  voltage  records, 

(2)  to  study  the  current-time  behevlour  and  its  dependence  on  the 
different  foil  parameters,  and 

(3)  to  study  rail  damage. 

In  this  report  the  three  primary  alms  are  discussed  extensively  in 
Section  8  whereas  the  secondary  alms  are  discussed  in  the  various  subsections 
comprising  section  S.  as  mencioned  previously,  this  report  will  also  include 
various  theoretical  aspects  concerned  with  electromagnetic  launchers  in 
general  which  arose  during  the  analysis  of  the  RPIP  results. 
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EXPERIMENTAL  DETAILS 


in  previous  firings  conducted  at  mrl  IS,£I,  projectile  displacement¬ 
time  data  were  obtained  by  placing  small  magnetic  flux-probes  at  various 
positions  along  the  gun-body  with  their  orientation  axes  parallel  to  the 
projectile's  direction  of  motion.  The  use  of  these  probes  led  to  problems 
because  there  were  not  enough  discrete  recording  statlons/channels  available 
to  obtain  a  substantial  number  of  displacement-time  results.  From  streaic 
photography  a  much  greater  number  of  displacement-time  data  could  be  obtained 
than  previously,  so  that  a  more  thorough  analysis  could  be  undertaken. 


projectile  displacement-time  data  were  obtained  from  the  streak 
photographs  using  a  Calcomp  digitiser  and  these  data  were  transferred  to  a 
VAX  11/780  computer.  Using  the  GRAPH  computer  code  developed  by  Kennett  [7], 
the  data  were  plotted  by  a  Tektronix  4662  plotter.  Amongst  Its  many 
capabilities,  the  graph  program  provides  a  curve-fitting  routine,  which  was 
used  to  analyse  soma  of  the  experimental  data. 


All  of  the  firings  in  the  RPIP  series  were  done  with  high-speed 
streaic  and  framing  photography  set  up  to  record  the  most  intense  features  of 
the  plasma  armature  tal.  The  photographs  obtained  from  the  film  of  the  fra.me 
camera  showed  more  detail  than  the  streak  photographs  because  the  neutral 
density  filter  on  the  streak  camera  was  10  times  less  dense  than  that  on  Che 
frame  camera  throughout  the  series.  The  streak  camera  was  positioned  so  that 
the  lenses  and  silt  were  set  up  to  observe  detail  in  the  length  direction  of 
the  gun-body  (l.e.  the  direction  of  projectile  motion)  and  in  the  width- 
direction  of  the  rallgun  bore. 

Mlcrodensltometer  readings  of  many  of  the  streak  films  were  taker,  at 
various  positions  In  the  direction  of  projectile  motion.  These  readings 
yielded  profiles  of  Che  light  Intensity  over  the  length  of  the  plasma 
armature.  Plasma  length  measurements  could  then  be  determined  from  each 
plasma  intensity-profile  by  measuring  the  distance  between  the  points  where 
the  plasma  Intensity  dropped  to  the  background  intensity-level.  in  addition, 
the  six  or  seven  mlcrodensltometer  readings  performed  for  each  experiment 
provided  displacement-time  results,  which  served  as  a  check  on  the  results 
obtained  from  the  digitiser. 

The  power  source  (l,S)  for  the  electromagnetic  launcher  used  in  the 
RPIP  series  consisted  of  a  capacitor  bank  connected  in  series  with  a  storage 
inductor  via  a  spark-gap  switch.  This  switch  was  responsible  for  turning  on 
the  main  discharge.  The  capacitor  bank  was  equipped  with  a  crowbar  switch 
designed  to  shunt  the  current  once  the  energy  had  been  transferred  to  the 
storage  inductor.  The  capacitance  of  the  capacitor  bank  was  measured  as 
1597  ±  16  sF  before  the  commencement  of  the  the  series.  The  inductance  of 
the  storage  inductor  was  measured  as  6.3  t  0.3  sH.  In  all  of  the  firings 
reported  here  the  capacitor  bank  was  charged  to  6.00  ±  0.03  kv. 

The  cadmium-copper  rails  used  In  the  RAPID  rallgun  were  0.5  m  in 
length,  12.5  mn  square  in  cross-section  and  were  mounted  8  mm  apart.  The  bore 
cross-section  was  6  mm  in  height  and  8  mm  in  width.  Red-fibre  projectiles, 
chosen  because  of  their  opacity,  were  used  throughout  the  series.  These 
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projectiles  weighed  about  0.3S  g,  were  C  mm  in  length  and  had  the  same  cross- 
sectional  area  as  the  bore. 

The  various  places  oe  metallic  foil  used  to  generate  the  initial 
plasma  armatures  were  folded  and  glued  to  the  back  of  the  projectiles.  in 
previous  firings  a  standard  piece  of  aluminium  foil  weighing  about  0.012  g  and 
0.025  mm  thick  had  been  folded  to  the  dimensions  ofiix6x0.i  mm.  in  the 
RPIP  series  two  variations  from  the  standard  piece  of  aluminium  foil  were  used 
to  generate  plasma  armatures  In  addition  to  the  standard  piece.  The  first 
variation  was  about  1/5  the  mass  of  the  standard  piece  while  the  second  was 
about  5  times  the  standard  mass. 


The  standard  zinc  foil  was  cut  to  the  dimensions  of  44  x  6  mm  fro.m  a 
0.02s  mm  thick  foil  and  weighed  approximately  0.04  g.  The  standard  copper 
foils  measured  11  x  3.4  mm  and  were  cut  from  0.125  mm  thick  foil.  These 
weighed  about  0.05  g.  The  standard  foil  masses  were  selected  to  yield 
similar  numbers  of  atoms.  One  fifth  and  five-times  variations  of  the  copper 
and  zinc  foils  were  also  used  in  the  series. 


The  tlme-of-arrlval  detection  system  used  in  the  RPIP  series 
consisted  of  a  flbre-optlc  probe,  a  laser  beam  probe,  a  pencil-lead  break  and 
a  ballistic  pendulum  with  a  breakscreen  attached  to  it.  The  flbre-optlc 
probe  was  situated  3  cm  beyond  the  muzzle  of  the  rallgun  and  the  laser  beam 
was  situated  a  further  30  cm  from  the  flbre-optlc  probe.  The  pencil-lead  was 
positioned  a  further  S.5  cm  from  the  laser  whilst  the  ballistic  pendulum  was 
situated  another  123.5  cm  from  the  breakwire. 

The  tlme-of-arrlval  record  for  the  second  firing  in  the  RPIP  series 
(RPIP02)  is  presented  in  Figure  1.  After  the  projectile  leaves  the  gun- 
barrel,  the  flash  produced  by  the  plasma  armature  immediately  behind  the 
projectile  activates  the  flbre-optlc  probe  which  produces  the  first  peak  in 
Figure  1.  A  short  time  later,  the  laser  beam  is  intercepted  thereby 
producing  the  first  minimum  below  the  time-axis  in  Figure  1.  The  second 
minimum  below  the  time-axis  Is  produced  when  the  projectile  hits  the  pencil- 
lead  break.  The  sudden  jump  or  vertical  line  across  the  time  axis  in 
Figure  1  corresponds  to  the  projectile's  penetration  of  the  breakscreen  on  the 
ballistic  pendulum. 

The  tlme-of-arrlval  record  shown  in  Figure  1  Is  an  example  of  a 
successful  record.  However,  only  four  of  the  velocity  records  can  be 
considered  satisfactory,  in  stany  of  the  experiments  the  plasma  armature 
failed  to  activate  the  flbre-optlc  probe  as  In  Figure  2,  or  the  projectile 
missed  either  the  pencil-lead  break  or  the  ballistic  pendulum  as  In  Figure  3. 
In  other  firings  the  flbre-optlc  probe  responded  early  as  is  also  shown  in 
Figure  3.  Because  of  these  inconsistencies  it  was  necessary  to  use  a  multi¬ 
sensor  system  to  counter  the  possible  failure  of  some  of  the  sensors. 

The  exit-velocity  v^  estimated  from  the  ballistic  pendulum  was 
obtained  by  using  the  following  equation: 

v^  -  2gd  (1  +  M^/mp)*<i-(i-l*/d*)''^*)  d) 
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wher«  was  the  mass  of  the  ballistic  pendulum  (1740  g),  m  the  mass  of  the 
projectile,  g  the  acceleration  due  to  gravity,  d  the  maximum  vertical 
extension  of  the  pendulum  (4.1  m)  and  1^^  the  measured  maximum  horizontal 
displacement  from  the  initial  position  of  the  pendulum.  This  displacement  was 
obtained  through  the  attachment  of  a  marker-pen  to  the  pendulum.  In  general, 
the  results  obtained  from  the  ballistic  pendulum  were  not  accurate  because  the 
ballistic  pendulum  was  situated  far  from  the  muzzle  and  because  on  some 
occasions  the  marker-pen  became  loose,  thereby  yielding  unreliable  values 
for  1^. 

In  each  firing,  transient  recorders  were  used  to  record  the  muzzle 
and  breech  voltages  as  functions  of  time.  In  addition,  the  current  was 
recorded  using  a  Rogowskl  belt  compensated  by  a  simple  RC-lntegrator .  All 
current  values  reported  here  have  been  processed  in  the  manner  as  described  by 
Clark  and  Bedford  [SI.  The  data  obtained  by  the  transient  recorders  were 
transferred  to  a  POP  LSI-mlnlcomputer. 

Two  RAPID  gun-bodies  were  used  alternately  in  the  RPIP  series.  Both 
gun-bodies  had  been  used  extensively  in  previous  firings  and  as  mentioned 
previously,  these  gun-bodies  were  reversed  after  20  firings. 


S .  EXPERIMEHTAL  RESPLTS 


Throughout  this  report  references  to  plasma  leakage  and  arcing  ahead 
of  the  projectile  are  made.  Plasma  leakage  is  defined  in  this  report  as  the 
loss  of  material  from  the  plasma  armature.  In  the  RPIP  experiments  most  of 
the  plasma  leakage  was  detected  ahead  of  the  projectile.  Arcing  ahead  of  the 
projectile  is  the  situation  where  part  of  the  rallgun  current  passes  between 
the  rails  ahead  of  the  projectile.  The  arc  produced  ahead  of  the  projectile 
is  referred  to  as  a  runaway  arc  and,  like  the  main  plasma  arc.  It  Is  subject 
to  a  Lorentz  force.  It  should  be  noted  that  these  effects  were  first 
reported  by  stalnsby  and  Bedford  (81. 

A  comparison  of  the  predictions  of  the  PARA  code  with  the  results  of 
the  RPIP  experiments  was  difficult  because  the  frame  photographs  revealed  that 
plasma  leakage  occurred  during  each  firing.  Leakage  is  not  allowed  for  in  the 
PARA  code  because  the  plasma  mass  Is  assumed  to  be  constant.  However,  plasma 
leakage  did  not  appear  on  all  of  the  streak  photographs,  only  those  firings 
in  which  the  plasma  leakage  was  absent  on  the  streak  photographs,  were 
compared  with  the  predictions  of  the  PARA  code. 

Another  problem  In  comparing  the  PARA  predictions  with  the  RPIP 
results  was  that  material  produced  by  the  melting  of  the  rails  (>I  and  the 
gun-body  was  introduced  Into  the  plasma  armature.  This  behaviour  has  been 
revealed  by  recent  spectroscopic  studies  (41,  in  which  trace  elements 
belonging  to  the  plasma  armature  and  rallgun  body  have  been  found  in  the 
muzzle-flash  of  the  plasma  armature.  in  theoretical  studies  in  this  report 
It  will  be  assumed  that  no  extra  material  is  introduced  into  the  plasma 
armature  during  a  rallgun  firing. 


Arcing  ahead  of  the  projectile  was  allowed  for  in  the  para  code 
because  rallgun  performance  is  affected  by  the  reduction  of  current  in  the 
plasma  armature.  When  allowing  for  this  effect  In  the  PARA  code,  the  user  is 
expected  to  specify  a  constant  fraction  of  the  total  rallgun  current  passing 
through  the  runaway  arc.  As  is  discussed  In  Section  7,  the  fraction  of  total 
current  being  drawn  away  from  the  plasma  armature  is  not  constant  when  arci.ng 
occurs  ahead  of  the  projectile.  Comparisons  of  the  PARA  code  predictions 
with  RPIP  firings  in  which  arcing  occurred  ahead  of  the  projectile  win  not  be 
made  in  this  report. 


Of  the  26  firings  conducted  in  the  RPiP  secies  there  were  only  nine 
firings  in  which  neither  significant  plasma  leakage  nor  arcing  ahead  of  the 
projectile  was  observed  on  the  streak  photographs.  However,  seven  of  those 
nine  firings  were  only  moderately  successful  because  plasma  breakup  or 
disruption  was  apparent  on  the  streak  photographs.  This  effect,  which  is 
also  not  considered  in  the  plasma  model  for  the  PARA  code,  had  a  marginal 
effect  on  rallgun  performance  and  is  discussed  in  Subsection  S . i .  Thus  of  the 
26  firings,  only  two  firings  (RPIP02  and  RPIP06)  were  free  from  any  spurious 
effects  degrading  rallgun  performance. 


A  summary  of  the  RPIP  firings  is  presented  in  Table  i.  in  addition 
to  presenting  the  foil  type  and  mass  for  each  experiment,  the  gun-body  number 
Is  presented  because  both  gun-bodies  had  been  used  previously  in  different 
series  of  firings  and  hence  were  not  the  same.  Since  runaway  arcs  began  to 
appear  regularly  after  RPIP16,  It  was  decided  to  reverse  the  RAPID  gun-bodies 
after  RPIP20.  Comments  about  the  presence  of  plasma  leakage,  arcing  ahead  of 
the  projectile  and  plasma  breakup  on  the  streak  photograph  are  presented  for 
each  firing  In  the  three  remaining  columns  of  Table  l.  comments  concerning 
plasma  leakage  and  breakup  could  not  be  made  for  RPIP14,  RPIP23  and  RPXP2« 
because  the  streak  camera  either  did  not  record  or  the  film  was  poorly 
developed.  The  comments  on  the  non-appearance  of  runaway  arcs  in  RPIPU  and 
RPIP24  were  made  by  observing  the  breech  and  muzzle  voltage  records  for  these 
experiments.  only  part  of  the  RPIP25  firing  was  recorded  successfully  by  the 
streak  camera. 


s.i  Exit  velecitiee 


The  results  for  the  average  exit-velocities  calculated  from  the 
time-of-arrlval  records  are  displayed  in  Table  2.  The  second  column  in 
Table  2  lists  the  average  velocities  over  the  distance  between  the  fibre-optic 
probe  and  the  laser  beam.  The  average  velocities  over  the  distance  between 
the  laser  beam  and  the  pencil-lead  break  are  presented  in  the  next  column. 

The  fourth  column  lists  the  average  velocities  over  the  distance  between  the 
pencil-lead  and  the  breakscreen  attached  to  the  ballistic  pendulum,  in  cases 
where  the  pencil-lead  was  not  broken,  the  average  velocity  corresponding  to 
the  distance  between  the  laser  beam  and  the  breakscreen  was  determined. 

These  results  appear  in  the  fifth  column  of  Table  2.  The  velocities  obtained 
by  using  Equation  (1)  are  listed  in  the  sixth  column.  comments  concerning 
the  tlme-of-arrlval  records  are  presented  in  the  final  column  in  order  to 
explain  the  absence  of  some  of  the  recorded  velocities  In  the  columns  or  to 
explain  why  some  of  the  exit  velocities  were  considered  dubious.  Those  exit 
velocities  marked  with  a  •*'  in  Table  2  represent  the  most  dubious  of  the 
results. 


8 


Examples  of  less  successful  tlme-of-arrlval  records  have  already 
been  presented  in  Figures  2  and  3,  which  show  the  records  for  RPIPII  and 
RPIP25,  respectively.  In  Figure  2.  the  response  of  the  flbre-optic  probe  is 
not  as  expected  because  plasma  leakage  produced  an  early  and  uncharacteristic 
output  from  the  probe.  This  Is  surprising  because  the  streak  photograph  for 
the  firing  did  not  reveal  any  plasma  leakage.  in  contrast  to  Figure  2,  the 
tlme-of-arrlval  record  in  Figure  3  has  two  muzzle  flash  peaks.  The  first 
peak  on  this  record  has  been  caused  by  a  runaway  arc  while  the  second  is  due 
to  the  plasma  armature.  In  addition  to  the  two  peaks  appearing  in  Figure  3, 
the  record  shows  that  the  projectile  failed  to  hit  the  ballistic  pendulum. 

It  should  be  noted  that  some  of  the  observations  described  in  this  paragraph 
have  already  been  reported  in  Reference  (SI. 

In  some  firings  both  the  breakscreen  and  the  ballistic  pendulum  had 
two  separate  holes  due  to  fragmentation  of  the  projectile.  Instances  where 
this  behaviour  occurred  are  also  listed  in  the  comments  column  of  Table  2. 

The  comment  'possible  fragmentation'  refers  to  firings  in  which  it  was  found 
that  the  breakscreen  had  two  intersecting  holes.  It  was  not  certain  in  these 
cases  Whether  the  projectile  had  fragmented  on  impact  with  the  ballistic 
pendulum  or  whether  the  intersection  of  the  two  holes  was  coincidental  thereby 
implying  that  the  projectile  had  fragmented  earlier.  The  exit  velocities 
obtained  by  using  Equation  (i)  might  not  be  reliable  for  these  cases. 


with  the  exception  of  the  flash-to-laser  beam  velocities  in  RPIFOI 
and  in  RPIP13,  none  of  the  velocities  appearing  in  Table  2  were  above 
1  km/s.  The  flash-to-laser  beam  velocities  for  RPIPOl  and  RPiPn  are 
unreliable  because  in  both  cases  there  is  no  distinctive  peak  on  the  time-of- 
arrlval  record  corresponding  to  the  flbre-optic  probe  sensing  the  muzzle 
flash.  In  fact  both  tlme-of-arrlval  records  are  similar  to  the  record  in 
Figure  2. 


For  the  projectiles  used  in  the  RPIP  series,  a  velocity  of  i  km/s 
corresponds  to  a  kinetic  energy  of  192  J.  since  the  firings  were  carried  out 
with  stored  energies  of  28.1  ±  o.c  kj  in  the  capacitor  bank,  the  overall 
system  efficiency  for  the  series  was  less  than  0.7  percent.  This  result 
indicates  that  the  rapid  raligun  is  very  inefficient  under  the  operating 
conditions  described  earlier.  in  section  €  this  result  is  shown  to  be 
consistent  with  the  theoretical  estimate  of  the  upper  bound  for  the  efficiency 
of  an  electromagnetic  launcher  of  this  type. 


The  firings  with  the  highest  exit  velocities  were  rpipo2,  rpipos, 
RPIP12  and  RPIP21.  From  Table  i,  it  can  be  seen  that  In  these  firings  there 
was  negligible  plasma  leakage  and  no  arcing  ahead  of  the  projectile.  Although 
plasma  breakup  or  disruption  occurred  in  RPIP12  and  RPIP21,  it  had  little 
effect  on  the  exit  velocities  and  hence  is  not  a  serious  effect  in  a  rapid 
raligun  under  the  conditions  of  the  RPIP  series. 


5.2  Corrent-Tlae  Aiulyala  and  mdaetanc*  -  cnarglng  Enargy  Leas. 

Figure  4  shows  the  current-time  record  for  RPIP02  corrected  in  the 
manner  as  described  in  Reference  (cl.  The  current  rises  sinusoidally 
reaching  a  maximum  value  just  above  to  kA  about  ICO  sC  after  shot-start.  The 
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time  at  wnich  crowbarring  of  the  capacitor  bank  occurs,  denoted  by  t^  in  tnis 
report,  la  approximately  ISO  »s  after  shot-start.  From  then  on,  the  current 
decays  exponentially.  in  Figure  4  the  current  appears  to  be  decreasing 
linearly  In  the  inductlvely-drlven  stage  because  of  the  scale  used  in  plotti.ng 
the  results.  Projectile  exit  occurs  about  790  fs  after  shot-start. 

All  of  the  current-time  records  tor  the  RPIP  series  with  the 
exception  of  RPIP14,  RPIP21  and  RPIP23  are  similar  to  Figure  4.  There  were 
no  records  obtained  for  RPIP14  and  RPIP21  because  problems  occurred  in 
accessing  the  data  from  the  transient  recorders.  In  RPIP23,  the  crowbar 
switch  failed  and  the  current-time  record  resembled  a  damped  oscillatory 
curve . 


The  equivalent  electric  circuit  for  the  electromagnetic  launcher 
used  In  the  RPIP  series  is  shown  in  Figure  S.  Here  the  capacitor  bank  c  is 
connected  In  series  with  a  storage  inductor  via  a  switch  S^.  The  switch 
Sj  Is  the  main  switch,  which  allows  the  capacitor  bank  to  discharge  and  has  a.-, 
assumed  resistance  of  Rj  .  The  capacitor  bank  la  also  equipped  with  a 
crowbar  switch  Sj,  whlch^ls  assumed  to  have  a  resistance  Rg  .  The  resistance 
and  inductance  of  the  rails  are  represented  by  the  variable^values  R^,^^  and 
trail  'S^P^ctively.  The  variable  value  R  represents  the  sum  of  the  plasma- 
armature  resistance  with  the  resistance  of  the  busbars  and  any  possible  stray 
resistance. 


In  the  capacltiveiy-drlven  stage,  i.e.  t  <  t^,  the  Kirchhoff 
equation  for  the  electric  circuit  in  Figure  s  Is: 


I*  ^“‘■o  *  Sall’^’  .  Kr^^  .  R^,^^  .  R) 


C) 


where  Q  represents  the  charge  on  the  capacitor  bank  for  any  time  t  before  t. 
and  I  equals  dO/dt. 


In  the  Inductlvely-drlven  stage,  l.e.  t  >  t^,  the  Kirchhoff  equation 
for  the  electric  circuit  in  Figure  5  becomes: 

dE^^^o  *  Sall’^’  ♦  (R  Rj^  ♦  R^^^^)I  -  0  (3) 

In  this  report  It  is  assusied  that  the  inductance  of  the  rails  can  be 
written  in  the  following  form: 


where  L'  is  the  inductance  per  unit  length  of  the  rails  and  x(t)  is  the 
displacement  of  the  projectile.  It  is  also  assumed  that  the  resistance  of 
the  rails  can  be  written  as: 


■'rail  “ 

where  R'  is  now  the  resistance  of  the  rails  per  unit  length.  For  the 
purposes  of  simplicity,  it  Is  assumed  that  both  R'  and  L'  are  constant. 
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Tha  currant  la  dataminad  aa  a  function  of  tlma  by  solving  Equations 
'2)  and  <3)  for  tha  two  dlffarant  atagaa.  Howavar,  in  tnalr  present  forms 
both  equations  cannot  be  solved,  so  they  must  be  simplified.  in 
Subsection  s.s  It  la  seen  that  tha  projectile  has  travelled  less  than  s  cm  in 
the  first  200  aa  for  all  firings  In  the  RPIP  series.  By  this  time  crow¬ 
barring  of  the  capacitor  bank  has  occurred.  Thus  the  terms  involving  the 
displacement  x(c)  in  Equation  (2)  can  be  neglected  since  both  I' 

(approximately  0.40  aH/m)  and  It'  (about  1.6  x  io~*  O/m)  are  also  small. 
Assuming  at  this  stage  for  convenience  that  the  resistances  Rs  and  R  are 
constant  and  using  the  fact  that  the  current  is  zero  at  t  •  O.^the  solution  to 
Equation  (2)  Is: 

I  -  I  exp(-R,_t/2L  )aln((i/L  c  -  nf  ./4i.^)^^*t)  (6) 

m  tot  o  o  tot  0 

where  Rcot  ~  ^  *  ^c*  ^  value  for  is  found  by  determining  the 

value  of  the  rallgun  current  at  a  particular  time.  If  R^g^/IL^  «  , 

then  Equation  (6)  becomes: 

I  -  I  exp(-R.  .t/2L  )sln((L  c>~^^^t)  (7) 

fli  tot  0  0 

and  for  tna  case  where  ^tot^^^^o  Equation  (7)  simplifies  to: 

I  »  I  sin((i,  C>"^'^^t>  (8) 

m  0 

The  time  at  which  the  maximum  value  of  current  occurs  is  found  by 
differentiating  Equation  (6)  with  respect  to  time  and  setting  the  result  equal 
to  zero.  The  following  equation  Is  obtained: 


Where  a  -  <i/L  c  -  R^  do) 

0  tot  0 

If  R^gj-ZlLg  «  (1/LgC)^^*,  then  Equation  (9)  can  be  simplified  even  further  to 
become : 


I-  (1  - 

2m  vL  m 

0 


Which  indicates  that  t„^^  approaches  w/2*  when  approaches  sero. 


u 


Another  form  of  Equation  (»)  is: 


-  attan(-~°^)  «  - t 

a  2L.a  2#  max 

0 


(12) 


Since  the  left  hand  side  of  Equation  (12)  is  positive,  the  foiiowinq 
Inequality  is  obtained: 


2C 


(13) 


max 


Squaring  both  sides  of  Equation  (13)  and  using  Equation  (lO)  yields: 


R,  ,  >  2L  (l/L  C  -  »^/4t* 
tot  o  o  max 


(14  ) 


Using  the  values  for  and  C  given  in  section  4,  i/l^C  is  found  to  be 

(9.9  t  o.fi)  X  10^  rad^/s^.  In  RPIP02,  was  found  to  be  159  ±  5  ^s  and 

hence,  *^/4t^  for  this  firing  was  equal  to  (9.8  ±  O.i)  x  10^  rad^/s^. 

inAX  .  - 

Although  using  values  of  9.9  x  lo^  for  l/L.C  and  9.8  x  lo^  for  »^/4t^ 

V  n\dx 

yields  a  minimum  value  of  13  mu  for  R^g^,  this  value  is  not  accurate  because 
small  differences  in  the  various  quantities  in  Equation  (14)  can  produce 
significantly  different  values  for  R^of 

If  R^g(  «  2Lge,  then  tg^i^  Is  approximately  equal  to  «/2v. 

Denoting  the  peak  current  reached  In  a  raligun  firing  as  I.,  Equation  (7) 
yields: 


I  -  I  exp(-  R.  .  »/4eL  )  (15) 

p  tn  vot  0 

Hence,  Equation  (7)  In  terms  of  Ip  becomes: 


I  -  I  exp(-  R,  .(t  -  */2*)/2L  )  sln(»t)  (IS) 

p  0 

where  •  equals  (LgC)"'^^. 

If  R.  .(t  -  w/2e)/2L  «  1,  then  Equation  (is)  becomes: 

tOC  0 


•t  ~  arsind/i  )  ( 17) 
P 

Thus  a  plot  of  arsind/lp)  against  t  yields  a  straight  line  with  the  gradient 
equal  to  the  angular  resonant  frequency  provided  R^g^d  -  »/2e)  «  2L^.  This 
atter  condition  occurs  when  t  *  •/2e  and/or  if  R^g^°<<  2i,g. 
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A  plot  Of  arsln(l/lp>  against  time  t  for  RPIP02  is  shown  in 
Figure  6.  The  points  in  this  graph  have  been  found  by  evaluating  arsind/lp) 
directly  from  the  experimental  data  taken  at  10  as  time  intervals  between 
t  •  0  and  t  -  t.  (190  as).  The  essential  feature  of  the  graph  in  Figure  e  is 
that  arsin(l/lp)  Increases  linearly  between  t  -  0  and  t  -  ISO  as  with  the 
gradient  of  the  line  equal  to  (9.9  t  0.2)  x  lo^  rad/s,  which  is  almost  equal 
to  ■  or  (L.c)~^'^.  Thus  resistive  damping  caused  by  the  factor 
exp(-R^p^t/i.p)  appearing  In  Equation  (7)  is  almost  negligible  for  the  first 
ISO  as  of  a  RAPID  rallgun  firing.  It  should  be  noted  that  when  l  approaches 
the  peak  value  Ip  in  the  vicinity  of  t  "  iso  as.  the  values  for  arsind/i  ) 
are  subject  to  large  variation  for  small  deviations  in  the  current. 

since  the  current  in  a  RAPID  rallgun  is  given  by  Equation  (s)  with 
l^  equal  to  I.,  the  energy  in  the  storage  inductor  at  peak  current,  which  is 
given  by  L  1^/2,  should  be  close  to  the  energy  initially  stored  by  the 
capacitor  Sank  (cvV2)  provided  not  much  energy  has  been  lost  in  the  plasma- 
generation  process.  The  energy  in  the  storage  inductor  at  peak  current  is 
found  to  be  (2.1  ±  o.s)  x  lo*  J,  where  a  value  of  ti  i  9  kA  has  been  used  for 
the  peak  current  ip.  The  value  for  Ip  has  been  found  by  using  the 
calibration  factor^of  92  ±  10  kA/V  quoted  in  Reference  IS)  for  current-time 
records.  The  large  uncertainty  in  the  calibration  factor  is  mainly 
responsible  for  the  large  uncertainty  In  the  energy  in  the  storage  inductor  at 
peak  current. 

As  the  energy  stored  initially  in  the  capacitor  bank  was  29.7  ± 

0.6  kJ,  there  is  a  difference  of  approximately  6.7  ±  1.2  kJ  between  the  energy 
stored  by  the  capacitor  bank  Initially  and  the  energy  In  the  storage  inductor 
at  peak  current.  since  the  current-time  behaviour  is  given  by  Equation  (8), 
which  implies  that  resistive  energy  losses  during  the  capacltlvely-driven 
stage  can  be  neglected,  and  the  capacitors  comprising  the  capacitor  bank  were 
not  leaky,  the  large  energy  difference  can  only  be  accounted  for  as  energy 
lost  in  plasma-generation.  However,  the  energy  difference  could  be  smaller 
because  the  calibration  factor  of  92  kA/v  is  questionable  and  a  higher  value 
perhaps  closer  to  102  kA/v  should  be  used  when  determining  values  for  the 
rallgun  current. 


In  the  inductlvely-drlven  stage  the  current  is  determined  as  a 
function  of  time  by  solving  the  following  equation: 


4((Lo  ♦  L'x)I)  ♦  I(R  ♦  Rs,+  R'x)  -  0  (18) 

dt  2 

where  Equations  (4)  and  (5)  have  been  used.  Even  if  it  Is  assumed  that  R 
and  Rj  are  constant.  Equation  (is)  can  only  be  solved  for  the  special  case 
where  Lo/(R  *  Rj.)  is  to  I'/R'.  This  case  Is  discussed  in  the  Appendix  but, 
unfortunately,  Is^not  applicable  to  the  RAPID  rallgun.  Thus  Equation  (18) 
must  be  solved  in  asymptotic  limits. 


There  are  two  asymptotic  limits  in  which  a  knowledge  of  the 
displacement  x(t)  is  not  required  for  solving  Equation  (is).  In  the  first 
asymptotic  limit,  R'x  «  R  ♦  Rg  and  L’x  «  L,.  Equation  (IS)  then 
simplifies  to;  * 
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4  (Lol)  +  <R  ♦ 


dt 


( 19) 


The  solution  to  Equation  (19),  still  assuming  that  R  and  Rg^  are  constant,  is: 

_-(R  .  Rs,)t/Lo 


lo  • 


where  is  the  value  of  the  current  at  t  -  0.  since  t  >  o  In  the 
Inductlvely-drlven  stage  corresponds  to  t  -  t^  in  a  rallgun  firing,  in 
Equation  <20)  la  the  value  of  the  rallgun  current  at  the  instant  when 
crowbarring  of  the  capacitor  bank  occurred. 

In  the  second  asymptotic  limit.  R'x  »  R  +  Rj,  *nd  L'x  »  The 

solution  to  Equation  (la)  in  this  limit  is: 


I  -  exp(-  R't/lO/x 


(21) 


Where  la  the  value  for  the  product  of  the  current  and  projectile 
displacement  at  the  instant  when  the  second  asymptotic  limit  becomes  valid. 
Since  the  rapid  rallgun  Is  o.s  m  in  length  and  L‘  is  expected  to  range  from 
0.32  fP./n  to  0.54  nH/m  (101,  the  maximum  value  of  L'x  is  0.27  *H.  This  value 
la  considerably  less  than  the  inductance  of  the  storage  inductor  used  in  trie 
RPIP  series.  Hence  Equation  (2l>  does  not  need  to  be  considered  In  the 
current-time  analysis  for  the  inductively-driven  stage  of  a  RAPID  rallgun. 

To  see  whether  equation  (lo)  la  valid  for  part,  if  not  all,  of  the 
Inductlvely-drlven  stage,  the  parameter  I/I^  has  been  plotted  against  time  on 
a  log-linear  scale  in  Figure  7  using  the  current-time  data  for  RPIP02.  The 
value  for  i^  was  chosen  to  be  the  value  of  the  rallgun  current  at  t  •  200 
because  this  value  was  close  to  the  value  at  t  >  t^.  as  can  be  seen  from 
Figure  7,  the  value  of  logjg(l/i.>  decreases  linearly  till  about  soo  ^s  after 
Shot-Start.  Therefore  Equation  (20)  la  valid  for  describing  the  rallgun 
current  In  this  time-interval.  Hence  (R  *  Rs.^'^Lq  regarded  as  being 

constant  In  this  tlSM  Interval.  For  times  greater  than  sso  *s,  the  value  of 
logjg(l/lg)  falls  away  from  the  straight  line  in  Figure  7,  thereby  indicating 
that  (R  *  Rg^)/lg  Is  increasing. 

For  (Rs,^  R)/Lo  to  Increase,  either  Rs  4’  R  must  increase  or  L^ 
must  decrease.  ^In  Equation  (is),  Lp  represents  the  total  inductance  of  the 
rallgun  circuit  other  than  the  inductance  of  the  rails.  Thus  Lp  includes  the 
Inductance  of  the  storage  inductor,  the  stray  inductance  of  the  busbars  and 
the  Inductance  of  the  plasma  armature.  The  plasma  Inductance  has  been  shown 
to  be  a  negligible  quantity  (ill  and  the  value  of  the  stray  inductances  of  the 
busbars  is  small  in  coaiparlson  with  the  inductance  of  the  storage  inductor. 
Hence,  Lp  approximately  equals  the  storage  inductance,  which  remains  constant 
over  the  duration  of  the  firing  and  thus  (Rg  *■  R)  must  increase  when 
(Rgj  R)/Lp  increases. 

The  total  resistance  <Rg  *■  R)  is  composed  of  the  resistance  of  the 
crowbar  switch  Sj,  the  plasma  armature's  resistance  and  the  resistance  of  the 
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busbars,  wMch  is  assumed  to  be  constant.  Thus  when  the  total  resistance 
Increases  in  the  Inductlvely-drlven  stage,  the  plasma  armature  resistance 
and/or  the  resistance  of  switch  Sj  must  increase. 

To  see  the  increase  in  circuit  resistance  for  times  greater  than 
550  fS  more  clearly,  a  graph  of  the  plasma  armature  impedance  against  time  is 
shown  In  Figure  8  for  RPIP02.  The  plasma  armature  impedance  has  been 
obtained  by  subtracting  the  electrode  potential  drops,  which  total  at  most 
15  V  [121,  from  the  muzfle  voltage  and  then  dividing  the  resulting  plasma 
potential  difference  by  the  current  I  at  the  corresponding  time.  since  the 
effect  of  the  plasma  armature's  inductance  is  small  Ill),  the  plasma  armature 
Impedance  becomes  the  plasma  armature  resistance  as  indicated  In  Figure  8. 


It  can  be  seen  in  Figure  8  that  the  plasma  armature  resistance 
stabilises  after  0.3  ms,  which  Is  approximately  0.17  ms  after  shot-start.  The 
plasma  resistance  la  almost  constant  till  about  0.55  ms  as  shown  in  Figure  8. 
Then  the  resistance  begins  to  rise  almost  linearly  with  time  until  shot-out. 


The  time  constant  for  the  part  of  the  inductively-driven  stage  when 
the  RAPID  rallgun  behaves  as  an  LR  circuit  is  obtained  by  evaluating  the 
gradient  of  the  line  in  Figure  7.  If  ic  is  the  gradient  and  t  is  the  time 
constant,  then 


which  yields  a  value  of  8.3  x  lo"*  s  for  t  in  RPIP02.  it  should  be  noted 
that  the  time  constant  determined  in  this  graphical  manner  is  subject  to  an 
error  of  at  least  10  percent.  Since  r  equals  to/lRs,  ♦  total 

resistance  in  the  rallgun  circuit  during  this  part  of*the  inductlvely-driven 
stage  Is  7.8  ±  1.2  ma. 


The  deviation  of  the  current  from  the  straight  line  in  Figure  7  has 
already  been  attributed  to  a  monotonlc  Increase  In  the  resistance  of  the 
rallgun  circuit.  Much  of  this  increase  Is  due  to  an  Increase  in  plasma 
armature  resistance  occurring  late  in  a  firing  as  shown  In  Figure  8.  if  the 
increase  in  the  total  resistance  can  be  regarded  as  being  approximately  linear 
In  time,  then  Klrchhoff's  law  for  the  late  part  of  the  inductlvely-drlven 
stage  should  be  modified  to  become; 


-  Lo  -  (Rsj  +  R  +  R  t)I  (23) 

where  R  represents  the  increase  in  the  total  resistance  per  unit  time. 
Assuming  R  Is  constant,  the  solution  to  Equation  (23)  is; 


-  ((Re,*  R)t/Lo  ♦  R  t*/2Lo) 

1  -  ij  e  “  (21) 
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In  Equation  (24),  t  Is  raaasured  from  Cha  onset  of  R,  which  for  RPIP02  was 
about  o.S  ms  after  plasma  Initiation  and  Ij  is  the  value  of  the  railqun 
current  at  this  time.  Equation  (24)  serves  to  indicate  that  the  time 
dependence  in  the  expression  for  the  railqun  current  becomes  more  complicated 
than  is  suggested  by  Equation  (20).  However,  Equation  (19)  Is  also  a 
simplification  of  the  general  Klrchhoff  equation  (Equation  (3))  because  it 
does  not  contain  a  dependence  on  the  projectile  displacement  x(t).  in  view 
of  the  complex  behaviour  of  the  current.  It  is  perhaps  surprising  that  the 
rallgun  current  is  given  by  Equation  (20)  in  the  early  part  of  the 
inductively-driven  stage  although  a  more  detailed  investigation  by  expanding 
the  time  and  current  scales  in  Figure  7  might  yield  a  different  result. 


From  Figure  5,  it  can  be  seen  that  in  the  capacltlvely-drlven  stage 
the  main  discharge  switch  is  active  while  the  crowbar  switch  Sj  remains 
inactive.  In  the  inductlvely-drlven  stage  the  reverse  applies.  since  the 
switches  are  produced  by  exploding  the  same  type  of  wire  and  hence  are 
similar.  It  is  expected  that  their  resistances  should  be  nearly  equal.  If  it 
Is  assumed  that  the  resistance  of  the  capacitor  banlc  is  negligible  because  the 
small  resistances  of  the  capacitors  are  in  parallel,  then  the  resistance  for 
the  early  part  of  the  inductlvely-drlven  stage  is  approximately  the  same  value 
as  the  total  resistance  in  the  capacltlvely-drlven  stage.  Thus  the  time 
constant  r  is  about  the  same  value  as  in  Equation  (6). 

The  energy  dissipated  due  to  resistive  heating  Is  obtained  by 
integrating  with  respect  to  time  between  t  -  0  and  the  time  at  which 

peak  current  occurs.  This  energy,  denoted  by  Ej^,  is  given  by: 


=R  =  / 


r/2e 


Ip  Rggj  exp  -  */2e)/L^)  sin*(#t)dt 


(25) 


where  R...  •  «nd  Equation  (i«)  has  been  used  for  the  current,  integrating 
the  rlgnt^hand°slde  of  Equation  (25)  gives: 


‘^R  2 


L  R 

(z-^  (exp(«R^_/2eI,  )-l)  -  - r 

\ot  ^  L  (R* 


(l+exp(»R.  ./2»L  ) ) 1 
tot  0 

(2£) 


After  substituting  the  various  physical  parameters  for  RFIP02  into 
Equation  (26)  and  assuming  that  the  peak  current  was  Si  kA,  the  total  energy 
dissipated  due  to  resistive  heating  is  found  to  be  (4.2  t  0.4)  kJ.  The  error 
in  this  result  arises  primarily  from  the  first  term  on  the  right  hand  side  of 
Equation  (26). 


An  energy  discrepancy  of  about  3.5  kJ  still  needs  to  be  explained. 
Some  energy  is  lost  in  the  creation  of  the  plasma  armature,  which  is  estimated 
as  follows.  In  RFIP02,  a  piece  of  aluminium  foil  of  mass  o.oi7  g  was  used  to 
create  the  plasma.  This  mass  corresponds  to  i.i  x  10^^  aluminium  atoms.  if 


It  takes  about  lo  ev  on  average  to  ionise  each  aluminium  atom  so  that  a  piasr.a 
containing  a  mixture  o£  first  and  second  ionised  ions  is  formed,  then  the 
energy  required  to  create  the  plasma  would  be  approximately  o.c  kj.  However, 
this  approach  does  not  account  for  the  3.5  kJ  discrepancy  noted  above.  it  is 
probable  that  O.C  kJ  Is  an  under-estimate  since  additional  explosive  effects 
could  be  present  and/or  the  calibration  factor  used' for  the  current  records 
might  be  higher.  Another  and  more  recent  calibration  of  the  current-time 
records  suggests  that  the  factor  of  02  kA/v  was  indeed  too  low  [131. 

The  current-time  records  of  the  other  RPIP  firings  were  analysed  in 
the  same  manner  as  the  current-time  record  for  RPIP02.  The  results  for  the 
angular  resonant  frequencies,  time  constants  and  circuit  resistances  appear  in 
Table  3.  The  slight  variation  in  the  values  for  the  angular  resonant 
frequencies  is  attributed  to  differences  arising  In  the  plotting  of  the 
current-time  records.  In  stating  the  values  for  the  time  constant,  an  error 
of  typically  10  percent  is  likely.  The  errors  for  the  angular  frequency  and 
time  constant  were  used  to  evaluate  the  errors  for  the  external  inductance  and 
circuit  resistance  for  each  firing  listed  In  Table  3.  Although  the  values  of 
the  external  inductance  and  circuit  resistance  vary,  most  of  the  variation  is 
accounted  for  by  the  errors  or  uncertainties.  Thus  the  effect  which 
different  foil  types  and  masses  had  on  the  time  constant  and  circuit 
resistance  was  not  significant. 

It  was  found  that  the  resistance  of  the  plasma  armature  began  to 
increase  about  o.s  ms  after  shot-start  for  those  firings  in  which  no  arcing 
occurred  ahead  of  the  projectile.  However,  unlike  the  result  shown  in 
Figure  8,  the  resistance  of  the  plasma  armature  did  not  Increase  linearly  in 
most  of  the  firings.  The  firings  in  which  the  plasma  resistance  Increased 
almost  linearly  with  time  were  RPIPOI,  RPIP06  and  RPIP22.  As  mentioned 
previously,  these  firings  were  among  the  more  successful  firings  in  the  rpip 
series. 


S .  3  StrMk  Photographs 

A  copy  of  streak  photograph  for  RPIP02  is  shown  in  Figure  9.  in 
this  figure  the  streak  represents  the  motion  of  the  plasma  armature  during 
acceleration.  The  width  of  the  streak  represents  the  length  of  the  major 
current-carrying  portion  of  the  plasma  armature  while  the  displacement  of  the 
plasma  armature  la  measured  horizontally  to  the  right.  If  the  leading  edge 
of  the  streak  la  distinct,  then  the  amount  of  plasma  leakage  is  insignificant. 
Since  the  amount  of  plasma  leakage  was  not  significant  in  RPIP02,  the  leading 
edge  of  the  streak  is  assumed  to  correspond  to  the  back  of  the  projectile. 

The  total  displacement  of  the  projectile  was  <48  mn,  which  means  that  each  mm 
of  the  actual  streak  photograph  in  the  horizontal  direction  corresponds  to 
18.7  ±  0.7  mm  of  gun-body  length,  in  addition,  if  the  total  duration  of  the 
firing  is  given  by  t^,  then 


Where  f^  is  the  time  factor  for  the  camera  (17.73  ss/mm  for  RPIP02),  1  is  the 
total  vertical  length  of  the  actual  streak  (about  19S  mm  for  RPIP02)  and  M  is 
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Che  magnification  factor  (4.48  for  RPIP03).  The  total  duration  of  RPIP02  was 
(7.7  ±  0.2)  X  10^  ii8>  which  meana  that  each  nm  of  the  strealc  photograph  in  the 
vertical  direction  corresponds  to  4.8  ss.  It  should  be  noted  that  the 
horizontal  and  vertical  scales  of  the  screaK  photographs  mentioned  hereafter 
In  this  report  pertain  to  the  actual  strealc  photographs  obtained  during  the 
RPIP  series  and  not  to  the  reduced  images  shown  In  Che  various  figures  in  this 
report. 


The  frame  record  for  RPIP02  Is  shown  in  Figure  10.  In  this  figure 
the  position  of  the  plasma  armature  Is  shown  at  intervals  of  about  so  ss  . 
Narrow  beams  of  light  in  front  of  and  behind  the  plasma  armature  are  also 
Indicated. 


Although  Che  frame  record  for  RPIP02  indicates  Chat  some  plasma 
leakage  occurred  during  acceleration,  this  loss  was  not  considered  to  be 
substantial  because  It  was  not  conspicuous  on  Che  screak  photograph  for 
RPIPOZ.  As  mentioned  previously,  the  streak  camera  accepted  a  narrower  range 
of  light  and  hence  would  not  have  recorded  as  much  detail  as  the  frame 
camera.  However,  a  close  inspection  of  the  leading  edge  in  Figure  9  does 
reveal  a  fuzziness  which  is  an  indication  that  plasma  is  leaking  ahead  of  the 
projectile. 


RPIP02  has  been  described  as  one  of  the  most  successful  firings  in 
the  series  because,  In  addition  to  there  being  little  plasma-leakage,  there 
was  no  arcing  ahead  of  the  projectile  and  no  plasma  breakup  or  disruption 
occurring  during  acceleration.  Examples  of  firings  in  which  the  above 
effects  appear  are  RPIPOI,  RPIPIS  and  RPIP19,  whose  streak  photographs  appear 
In  Figures  11,  12  and  13,  respectively. 

Both  plasma  breakup  and  leakage  appear  in  the  streak  photograph  for 
RPIPOI  as  shown  In  Figure  11.  The  plasma  breakup  or  disruption,  which  is 
represented  by  the  separation  occurring  within  the  plasma  armature,  appears 
short-lived.  This  Is  perhaps  an  indication  that  when  this  effect  occurs  in  a 
RAPID  rallgun,  the  plasma  armature  is  able  to  re-stablllse  itself.  The 
leakage  of  plasma  ahead  of  the  projectile  did  not  result  in  arcing  occurring 
ahead  of  the  projectile.  However,  plasma  leakage  caused  an  early  activation 
of  the  flbre-optlc  probe  which  was  situated  close  to  the  muzzle.  Thus  it  was 
difficult  to  pinpoint  exactly  when  the  projectile  had  passed  directly  under 
the  probe  on  the  tlme-of-arrlval  record.  This  led  to  the  dubious  result  for 
the  velocity  appearing  In  the  first  cow  of  the  second  column  of  Table  2. 


A  more  severe  example  of  plasma  disruption  Is  shown  in  Figure  12. 
Each  mm  in  the  vertical  direction  of  the  streak  photograph  corresponds  to 
about  4.0  ss  of  actual  time  while  each  mm  in  the  horizontal  direction 
corresponds  to  an  actual  length  of  about  17  mm.  The  region  of  greatest 

plasma  disruption  occurred  between  t  =  0.2  ms  and  t  =  0.4  ms  as  shown  in  the 
figure.  when  plasma  breakup  or  disruption  occurs,  a  dark  region  appears 
Inside  the  streak,  which  indicates  separation  of  the  plasma.  At  the  edges  of 
the  separation  large  density  or  tMiperature  gradients  result.  It  is 
Interesting  to  note  that  in  Figure  13  the  separation  within  the  plasma  has 
completed  one  oscillation  by  moving  from  the  rear  of  the  plasma  to  its  front 
and  then  returning  to  the  rear  of  the  plasma  before  re-stabilisation  occurs. 
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An  example  of  arcing  ahead  of  the  projectile  is  shown  in 
Figure  13.  An  interesting  feature  of  this  figure  is  that,  as  the  runaway  arc 
increased  its  length  during  the  firing,  the  length  of  the  plasma  armature 
decreased.  However,  once  the  runaway  arc  had  been  ejected,  the  length  of  the 
plasma  armature  increased  suddenly.  This  behaviour  is  discussed  in  more 
detail  in  section  7. 


The  three  phenomena  described  in  this  section  all  indicate  that  the 
plasma  armature  in  an  electromagnetic  launcher  might  not  be  as  stable  and 
uniform  in  density  as  previously  thought.  in  the  plasma  model  for  the  PARA 
code  (21,  it  is  assumed  that  the  mass  of  the  plasma  is  constant  during 
acceleration.  This  can  only  be  true  if  the  mass  of  plasma  leaked  is  replaced 
exactly  by  an  equivalent  mass  of  material  ablating  off  the  rails  and  gun-body, 
which  is  unlikely  as  is  discussed  in  the  section  on  rail  damage.  if  the  mass 
of  plasma  leaked  is  insignificant,  as  in  RPIP02,  then  the  constant  plasma  mass 
limit  of  the  PARA  code  is  approached  provided  the  ablation  of  material  into 
the  plasma  armature  is  also  negligible. 


In  the  PARA  code  it  is  assumed  that  at  any  given  instant  the 
electron  density  and  internal  temperature  are  uniform  over  the  length  of  the 
plasma  armature.  However,  when  plasma  disruption  occurs,  the  electron 
density  and  internal  temperature  are  no  longer  uniform  over  the  plasma 
length.  Thus  the  PARA  code  is  not  applicable  to  those  firings  in  which 
plasma  disruption  occurs  over  a  long  time  interval  with  respect  to  the  total 
duration  of  a  firing,  e.g.  RPIPIS. 

Plasma  leakage  occurred  in  the  RPIP  series  because  the  RAPID 
rallguns  had  been  used  extensively  before  the  RPIP  series.  The  gun-bodies 
were  reversed  after  RPIP20  because  it  was  believed  that  obturation  would  be 
better.  Although  reversing  the  gun-bodies  was  able  to  stop  arcing  occurring 
ahead  of  the  projectile  in  a  few  firings  after  RPIP20,  plasma  leakage  did  not 
cease. 


Plasma  leakage  and  arcing  ahead  of  the  projectile  can  be  attributed 
to  an  inability  of  the  magnetic  field  acting  within  the  plasma  armature  to 
confine  the  plasma  armature  completely.  It  is  also  very  probable  that  the 
magnetic  field  might  be  Indirectly  responsible  for  the  production  of  the  large 
density  or  temperature  gradients  within  the  plasma  when  plasma  disruption 
occurs.  Thus  determination  of  the  magnetic  field  acting  within  the  plasma  is 
important  in  gaining  an  understanding  of  the  stability  of  plasma  armatures  in 
electromagnetic  launchers. 

From  Table  i,  it  can  be  seen  that  plasma  breakup  was  most  likely  to 
occur  in  firings  Involving  larger  masses  of  plasma  initiating  foil.  This 
suggests  that  in  larger  rallguns  where  heavier  pieces  of  metallic  foil  could 
be  required  to  generate  the  plasma,  there  might  be  a  greater  tendency  for  this 
type  of  plasma  instability  to  occur.  Therefore,  before  larger  designs  of 
rallguns  can  be  considered.  It  may  be  necessary  to  undertake  a  stability 
analysis  of  the  plasma  armature. 
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S.4  Nuzzle  Voltage  Records 


The  muzzle  voltage  records  for  RPIP02,  RPiPis  and  RPIP19  are  shown 
in  Figures  14,  is  and  1€  respectively.  These  figures  show  that  a  plateau 
region  develops  after  a  period  of  time  lasting  in  some  cases  up  to  a  couple  of 
hundred  microseconds.  In  many  cases  the  muzzle  voltage  in  the  plateau  region 
is  almost  constant  or  decreases  marginally  as  can  be  seen  in  Figure  14  from 
t  -  0.3  ms  onwards.  Kolsiness  in  the  plateau  region,  which  begins  about 
0.15  ms  from  shot-start  is  believed  to  correspond  with  the  occurrence  of 
plasma  leakage.  When  severe  plasma  breakup  occurs  as  was  shown  in  the  streak 
photograph  for  RPlPiS  (Figure  12),  the  plateau  region  fluctuates  significantly. 
In  RPIPIS  this  occured  between  0.2  and  0.4  ms  from  shot-start,  when  a  runaway 
arc  appears  as  in  RPIP19,  the  muzzle  voltage  record  displays  a  sudden  peak 
corresponding  to  the  ejection  of  the  runaway  arc.  After  the  runaway  arc's 
exit,  which  occurs  about  0.38  ms  from  shot-start  in  Figure  18,  the  muzzle 
voltage  reverts  to  Its  previous  value.  At  the  end  of  the  plateau  region 
there  is  another  abrupt  peak  in  the  muzzle  voltage  record  which  corresponds  to 
the  plasma  armature's  exit.  This  peak  occurs  approximately  1 . 1  ms  from  shot- 
start  and  hence  can  be  used  to  determine  the  total  duration  of  a  firing.  It 
should  be  noted  that  the  sudden  peaks  and  fluctuations  appearing  on  the  muzzle 
voltage  records  also  appear  on  the  breech  voltage  records. 

An  interesting  feature  in  Figures  14  to  16  is  the  reversal  in 
polarity  of  the  muzzle  voltage  after  ejection  of  the  plasma  armature.  The 
moat  likely  explanation  for  this  behaviour  is  that  the  transient  recorder 
connected  to  the  muzzle  measures  the  voltage  across  the  crowbar  switch.  This 
switch  could  still  be  conducting  current  supplied  by  the  capacitor  bank 
provided  the  main  switch  la  able  to  conduct  current. 

The  most  interesting  feature  about  the  muzzle  voltage  records  was 
that  the  muzzle  voltage  was  nearly  constant  when  there  was  no  plasma  breakup 
and  arcing  ahead  of  the  projectile.  once  the  plasma  armature  had  settled 
into  the  plateau  region,  the  muzzle  voltage  varied  slowly  with  time, 
decreasing  from  about  190  to  ISO  V.  since  the  current  was  decreasing 
exponentially  in  the  Inductlvely-drlven  stage,  the  resistance  of  the  plasma 
armature  increased  as  shown  in  Figure  8. 


The  resistance  of  the  plasma  armature  Is  given  by; 


1  h 
a 


(28) 


Where  w  is  the  width  of  the  rallgun  bore,  h  Is  the  height  of  the  bore  and  1 
is  the  length  of  the  plasma.  in  Equation  (28),  «  Is  the  average  plasma  ^ 
resistivity,  which  according  to  the  spitzer  formula  li41  depends  on  the 
average  internal  temperature  (T),  the  average  electron  density  (n^)  and  the 
degree  of  ionisation  (■).  Since  the  width  and  height  of  the  bore  are 
constant,  an  increase  in  plasma  armature  resistance  means  that  the  ratio  of 
«  /I  must  increase.  The  resistivity  of  the  plasma  armature  increases 
generally  when  the  plasma  temperature  decreases.  A  temperature  decrease 
occurs  when  the  amount  of  ohmic  heating  decreases,  and  this  in  turn  is  caused 
by  decreasing  current.  Thus  the  plasma  length  does  not  need  to  decrease  for 
the  plasma  resistance  to  increase. 
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on«  of  the  aims  of  the  RPIP  series  was  to  observe  if  there  was  an 
effect  on  the  muzzle  voXtaqe  records  due  to  different  foil  masses  and  types . 
The  differences  appearing  in  the  muzzle  voltage  records  have  already  been 
attributed  to  other  factors  and  therefore  it  was  difficult  to  attribute  any 
strange  behaviour  on  the  records  to  a  foil  type  and  mass.  In  the  early  stage 
of  a  firing  the  foil  mass  and  type  are  expected  to  have  their  greatest  effect 
on  the  muzzle  voltage  records  because  the  plasma  armature  is  believed  to  be 
composed  mainly  of  the  material  in  the  foil  at  this  time.  However,  although 
the  current  rise-time  behaviour  varied  on  the  records,  it  was  not  possible  to 
attribute  differences  to  a  specific  type  and  mass  of  metallic  foil. 


5 . S  posltlon-Tlae  Results 


Projectile  displacement-time  results  could  not  be  obtained  for 
RPXP23  to  RPIP2S  because  the  streak  films  for  these  experiments  were  either 
not  recorded  or  were  poorly  developed.  In  firings  with  arcing  ahead  of  the 
projectile  such  as  RPIPOS,  RPipio  and  RPIPn  to  RPIPZO,  the  projectile's  point 
of  exit  could  not  be  pinpointed  on  the  streak  photograph  because  the  streak 
faded  towards  the  end  of  these  firings  as  can  be  seen  in  Figure  13.  Thus  the 
streak  photographs  for  these  experiments  could  not  be  analysed  properly. 
Although  the  streak  photographs  for  RPIPZI  and  RPIP24  did  not  show  arcing 
ahead  of  the  projectile,  projectile  displacement-time  data  were  not  obtained 
because  the  point  of  exit  could  not  be  established.  Only  14  streak 
photographs  were  suitable  for  obtaining  displacement-time  data. 


Another  problem  in  obtaining  displacement-time  data  was  that  the 
t  •  0  point  or  the  origin  could  not  be  established  easily  because  the  onset  of 
the  streak  did  not  necessarily  mean  that  the  projectile  had  been  set  in 
motion.  Furthermore,  it  was  assumed  that  the  leading  edge  of  the  streak 
corresponded  to  the  position  of  the  back  of  the  projectile.  Because  of  these 
uncertainties  the  displacement-time  data  are  subject  to  an  error  of  at  least 
10  mm  for  the  projectile's  position  and  at  least  lo  ss  for  the  time.  Thus 
the  errors  in  the  projectile's  position  and  time  are  significant  initially  but 
towards  the  end  of  a  firing  when  the  displacement  is  about  450  mm  and  the  time 
is  above  750  ss,  the  errors  become  relatively  smaller. 


The  projectile's  position  as  a  function  of  time  during  acceleration 
for  RPIP02  is  shown  in  Figure  17.  in  this  figure  the  projectile's  position 
Is  given  by  the  dots  on  the  graph.  Although  difficult  to  distinguish,  curve 
fits  of  the  displacement  in  the  form  of  quadratic  and  cubic  polynomials  in 
time  also  appear  in  Figure  17.  as  expected,  both  curves  deviate  from  the 
experimental  results  in  the  early  stage  of  motion  where  the  displacement  is 
relatively  inaccurate.  For  displacements  greater  than  80  mm,  which 
correspond  to  the  inductively-driven  stage,  both  curves  are  in  excellent 
agreement  with  the  experimental  results.  This  would  indicate  that  within 
experimental  error  either  a  cubic  or  quadratic  polynomial  in  time  can  be  used 
to  represent  the  displacement  of  the  projectile  in  RPIP02.  in  fact  this 
behaviour  was  found  to  apply  to  all  of  the  RPIP  firings  analysed  in  this 
section. 


The  values  for  the  coefficients  of  the  quadratic  and  cubic  curve 
fits  for  fourteen  RPiP  experiments  appear  in  Table  4.  Accompanying  these 
values  are  the  uncertainties  as  estimated  by  GRAPH  (71.  As  a  result  of  these 


uncertainties,  many  different  curves  can  fit  the  experimental  data 
adequately.  The  correlation  coefficient  (p)  is  an  indication  of  the  accuracy 
of  the  least  squares  method  used  to  determine  the  coefficients  of  the 
polynomials  and  should  be  close  to  unity  for  accurate  curve  fits. 


Even  thouqh  both  the  quadratic  and  cubic  displacement  time  curves 
can  be  used  to  represent  the  displacement  of  the  projectile,  these  curves 
yield  different  acceleration  predictions.  If  the  displacement  of  the 
projectile  is  described  by  a  quadratic  function  in  time,  then  the  acceleration 
is  constant,  on  the  other  hand,  if  the  displacement  is  described  by  a  cubic 
function  In  time,  then  the  acceleration  is  a  linear  function  in  time.  For 
the  two  curves  to  yield  similar  results  It  must  be  shown  that  the  cubic  term 
represents  only  a  small  correction  to  the  quadratic  displacement-time  curve. 
Therefore  if  the  quadratic  displacement-time  curve  qiven  by 

x(t)  -  at^  +  bt  +  c  (29) 


and  the  cubic  displacement-time  curve  qiven  by 

x(t)  -  ajt^  ♦  bjt^  ♦  cjt  +  dj  (30) 


are  to  yield  similar  results,  then  accordlnq  to  Reference  1 151,  it  is 
necessary  that  Sjt^  «  bjt^  +  Cjt  +  dj  and  that  bj,  Cj  and  dj  must  closely 
equal  a,  b  and  c  respectively. 

From  Table  4,  it  can  be  seen  that  the  contribution  a^t^  is  small 
early  in  a  firinq  but  becomes  larqe  late  in  a  flrinq.  Allowlnq  for  the 
uncertainties,  the  coefficients  of  the  quadratic  curve  are  different  from  the 
other  coefficients  of  the  cubic  curve  and  hence  it  is  difficult  to  decide 
which,  if  any,  of  the  curves  should  be  used  to  describe  railqun  perf romance. 
Nevertheless,  it  is  useful  to  obtain  estimates  for  the  velocity  of  the 
projectile  by  differentiatinq  the  curves  in  Table  4  with  respect  to  time  for 
times  qreater  than  o.ic  ms.  Differentiatinq  the  curves  twice  with  respect  to 
time  yields  estimates  for  the  acceleration.  In  each  flrinq  listed  in  Table  4, 
the  coefficients  of  the  cubic  and  quadratic  terms  of  the  cubic  polynomial  are 
neqative  and  positive  respectively,  thereby  indlcatinq  a  linear  acceleration 
with  neqative  qradlent.  Therefore  the  acceleration  is  decreaslnq  with 
increasinq  time  but  because  the  acceleration  remains  positive,  the  velocity  of 
the  projectile  continues  to  increase.  This  behaviour  is  expected  in  a 
railqun  firinq  and  is  explained  in  the  followinq  paraqraphs.  It  should  be 
noted,  however,  that  the  averaqe  accelerations  obtained  from  the  cubic  curves 
aqree  closely  with  the  accelerations  obtained  from  the  correspondlnq  quadratic 
curves. 


The  equation  of  motion  for  the  plasma-projectile  system  in  a  railqun 


is: 


(m.  +  m_)  T,  ”  r  i'l  -  t 
a  p  dt  2  p 


(31  ) 
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wh«ra  and  nu  ar*  cha  naaaaa  of  tha  plaama  armatura  and  projaccila 
caspactivaly  and  f  la  a  general  retarding  tann  whlcti  Includes  friction  and 
atmospheric  affects  (lO  acting  against  the  plassia-projectlla  system,  in 
Equation  (3i),  m^  and  m.  are  assumed  constant  and  L'  is  tha  propelling 
inductance,  which  Is  given  by: 


2'i  *  51 


In  Equation  (32),  2  1  respectively  the  current  density  and 

magnetic  field  In  the  plasma  armature  while  Is  the  volume  of  the  plasma 
armature.  The  propelling  inductance  per  unit  length  is  notnecessarlly  equal 
to  the  more  commonly-used  rail  inductance  pec  unit  length  L  .  However  as  a 
simplification,  when  quoting  values  for  L'  in  this  report,  values  for  l  are 
used.  ^ 

Because  the  current  in  the  RAPID  raiigun  decreases  after 
a.i<  ms,  and  retardatlonal  effects  are  usually  considered  to  become  greater  as 
the  velocity  Increases,  Equation  (3i)  indicates  that  the  acceleration  of  the 
plasma-projectile  system  must  decrease.  This  Is  the  type  of  behaviour 
exhibited  by  the  cubic  displacement-time  curves  given  in  Table  4.  However, 
this  behaviour  is  not  unique  to  cubic  displacement-time  curves  because  higher 
order  polynomials  in  time  can  exhibit  the  same  behaviour. 

In  actual  fact,  it  might  be  necessary  to  consider  higher  order 
polynomial  fits  especially  early  in  a  firing.  When  the  time  t  Is  close  to 
zero,  the  factor  exp(-R  t/2L  )sln(et)  becomes  approximately  equal  to  «t. 
Thus,  for  t  =  0,  Equatlon^(3l)°becomes: 


(m  +  m  )  ^  ^  LI* 

a  p  2  p  m 


2,2 
t  t 


(33) 


where  the  retarding  force  term  has  been  assumed  to  be  negligible  because  the 
velocity  la  small  initially.  The  solution  to  Equation  (33)  is  a  quartic 
polynomial  In  time. 


s.c  velocity  Date 

The  graph  of  velocity  versus  time  for  RPIPC2  is  shown  in  Figure  18. 
The  values  for  the  projectile  velocity  were  obtained  by  calculating  central 
differences  for  the  experimental  displacement-time  data  of  RPIP02.  values 
were  chosen  at  time  intervals  of  40-70  ss  so  that  a  reasonably  accurate 
velocity-time  analysis  could  be  carried  out.  Subtracting  projectile  position 
results  between  smaller  time  intervals  would  lead  to  highly  inaccurate  results 
for  the  velocity  whereas  subtracting  the  position  results  between  larger  time 
intervals  would  produce  velocities  which  could  no  longer  be  regarded  as 
instantaneous. 


The  velocity  values  ace  unreliable  early  in  a  firing  because  of  the 
greater  relative  errors  in  the  projectile’s  position  and  time.  Some  of  the 
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velocities  appearlna  in  Figure  la  have  errors  up  to  t  300  m/s  and  hence  the 
graph  serves  mainly  as  a  guide.  This  discussion  demonstrates  that  an 
alternative  technique  Cor  determining  the  instantaneous  velocity  of  the 
projectile  during  a  rallgun  firing  is  required,  particularly  early  in  a 
railgun  firing. 

An  interesting  feature  of  the  graph  in  Figure  is  is  its  linearity 
between  ISO  and  750  s*.  which  suggests  that  the  acceleration  can  be  regarded 
as  being  constant  in  this  tloie  interval.  The  gradient  of  the  line  of  best 
fit  through  the  points  in  this  time  interval  yields  a  value  of  lo.s  x  io“ 
for  the  acceleration.  This  value  c(»pares  favourably  with  twice  the  value 
given  in  Table  4  for  the  leading  coefficient  of  the  RPIP02  quadratic 
displacement-time  curve.  Thus  the  first  and  second  time  derivatives  of  the 
displacement-time  curves  In  Table  4  appear  to  yield  reasonable  estimates  for 
the  velocity  and  acceleration  of  the  projectile  except  early  in  a  railgun 
firing. 


The  values  for  the  projectile's  exit  velocity  obtained  from  the 
quadratic  and  cubic  displacement-time  curves  for  RPtPOJ  are  1.02  and  Q.97  r.T./s 
respectively.  To  obtain  these  values,  an  exit  time  of  7S0  »s  has  been  taicer. 
from  the  data  for  RPIP02  and  the  uncertainties  in  the  coefficients  have  been 
neglected.  Extrapolating  the  linear  portion  of  Figure  is  yields  an  exit 
velocity  close  to  1.0  Km/s,  which  is  greater  than  the  value  of  »23  m/s  for  the 
RPIP02  muzzle  fiash-to-laser  beam  velocity  listed  in  the  second  column  of 
Table  2.  Therefore  an  exit  velocity  of  1.0  km/s  is  probably  incorrect.  The 
uncertainties  in  the  coefficients  of  the  quadratic  displacement-time  curve 
only  reduce  the  estimated  exit  velocity  to  l.o  km/s.  Thus  exit  velocities 
obtained  from  the  cubic  displacement-time  curves  are  more  likely  to  agree  with 
the  experimental  results  in  Table  2  later  in  a  firing. 


5.7  Plasaa  l^gth  Meawrsswwite 

Plasma-armature  lengths  were  obtained  for  many  of  the  RPtP  firings 
by  using  the  light- intensity  profiles  at  various  points  along  the  streak  fil.t. 
Three  examples  of  plasma  intensity  profiles  taken  from  rpipoz  appear  in 
Figures  19,  20  and  21.  Figure  is  snows  the  light  intensity  profile  of  the 
plasma  armature  when  its  leading  edge  was  situated  about  l.l  x  10^  mm  from  the 
initial  position  or  approximately  2.2  x  10^  ss  after  shot-start.  The 
plasma's  initial  position  is  assumed  to  be  47  mm  from  the  closed  breech 
because  this  was  where  the  rear  of  the  projectile  was  situated  at  shot- 
start.  The  leading  edge  of  the  plasma  armature  in  Figure  20  is  about  40  mm 
from  the  initial  position.  Figure  30  shows  the  plasma  intensity  profile  when 
t  =  3.4  X  10^  s*  after  snot-start.  The  position  and  time  of  the  leading  edge 
of  the  plasma  in  Figure  21  was  not  recorded  but  it  is  believed  that  the  figure 
shows  the  plasma  between  the  times  and  positions  given  for  Figures  19  and  20. 

As  can  be  seen  from  Figures  is  to  21.  the  plasma  armature  is 
characterised  by  abrupt  changes  in  light  intensity  at  its  front  and  rear 
edges.  The  maximum  light  intensity  in  Figure  is  is  a  factor  of  about  S4 
times  the  background  intensity  level  whilst  the  maximum  light  intensity  levels 
in  Figures  20  and  2i  are  about  44  and  SO  times  the  background  level 
respectively.  These  intensity  factors  have  been  determined  approximately  by 
using  a  logarithmic  scale  with  the  background  light-intensity  level  set  to 
unity. 
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The  dlscane*  ovar  which  tha  sharp  rlsa  in  light  intanslty  is  raised 
in  Flguras  19  to  21  la  usad  aa  a  naaauca  of  tha  plasma  acmatura's  length.  ir. 
ordar  to  be  consistent,  plasma  length  maasuremants  ware  made  at  the  same  light 
intensity  level  relative  to  tha  background  intanslty  level  throughout  each 
firing.  Although  this  standard  light  intanslty  level  varied  sometimes  from 
one  firing  to  another,  comparisons  of  the  measurements  obtained  in  a 
particular  firing  could  be  made  with  each  other.  Thus  the  plasma  lengths  in 
Figures  19,  20  and  21  were  found  to  be  about  so,  42  and  57  mm  respectively  at 
an  intensity  level  about  three  times  the  background  intensity  level.  The 
plasma  length  value  obtained  from  Figure  2i  may,  however,  not  be  a  true 
Indication  of  the  plasma  length  aa  is  explained  later  in  this  section. 


The  three  figures  show  that  the  light  intensity  within  the  plasma 
armature  is  not  always  uniform.  in  particular.  Figure  20  shows  that  dun.hg 
RPIP02  there  were  three  distinct  peaks  present.  The  second  peak  in  light 
intensity  in  Figure  20  is  a  distance  of  about  4  mm  from  the  peak  nearest  the 
back  of  the  plasma  armature  while  the  third  peak  is  a  further  is  nm  away  from 
the  second  intensity  peak.  The  light  Intensity  peaks  appearing  within  the 
profile  suggest  that  the  internal  temperature  and  density  of  the  plasma 
aroiature  can  vary  substantially  over  its  length.  The  appearance  of 
temperature  or  density  gradients  suggest  that  the  plasma  armature  might  have  a 
tendency  to  become  unstable. 

It  is  interesting  to  note  that  apparently  no  density  or  temperature 
variations  were  observed  on  the  streak  photograph  for  RPIPOl  (Figure  9).  As 
a  result  of  this,  the  plasma  armature  was  considered  to  be  uniform  in  density 
and  temperature  throughout  the  entire  firing.  However,  a  closer  inspection  :f 
the  strsak  photograph  indicated  that  some  plasma  leakage  had  occurred  between 
1.4  X  10^  »s  and  3.2  x  lO^  es.  In  Figure  21,  It  can  be  seen  that  the  leading 
edge  of  Che  plasma  intensity  profile  has  an  additional  hump  for  llght- 
incensltles  below  six  times  the  background  intensity  level.  Because  the 
leading  edge  is  no  longer  vertical  at  low  light  intensities,  the  additional 
hump  has  been  produced  by  plasma  leaking  ahead  of  the  projectile,  since  the 
plasma  length  is  measured  between  the  leading  and  trailing  edges  of  the 
profile  at  three  times  the  background  intensity  level,  the  plasma  length 
obtained  from  Figure  21  la  not  an  accurate  indication  of  the  actual  plasma 
length. 


For  most  of  the  RPIP  firings,  the  plasma  length  ranged  between  3  a.-.d 
15  mm  for  times  close  to  plasma  generation.  For  times  greater  than  200  *3, 
the  plasma  length  generally  ranged  from  25  mm  to  45  mm.  The  largest  plasma 
armature  length  observed  was  about  94  mm,  which  occurred  in  RPIP13.  However 
this  length  measurement  included  plasma  leaking  ahead  of  the  projectile  like 
Chat  shown  in  Figure  21.  A  length  of  7i  mm  was  obtained  for  RPIP2S  but  this 
also  included  plasma  leakage. 

Figure  22  shows  the  formation  of  a  runaway  arc  for  RPIP2C.  In  this 
figure  much  plasma  has  leaked  ahead  of  the  projectile  and  has  been  able  to 
draw  soma  of  Che  railgun  current  away  from  the  plasma  armature.  in  general 
runaway  arcs  increased  in  length  during  firings  and  eventually  became  much 
larger  than  the  plasma  armature.  Runaway  arc  lengCha  were  able  to  reach 
lengths  of  over  lOO  mm. 


The  graph*  of  plasma  langth  against  tlm*  for  RPIPOi  and  RPIP02 
appsar  in  Figur*  23.  Th*  plasaia  langth*  for  RPIPOI  were  determined  at  a 
light  intensity  level  of  about  three  times  the  background  level  while  the 
lengths  for  RPIP02  were  determined  at  about  twice  the  background  level.  In 
the  case  of  RPipoi,  the  plassia  armature  lengths  varied  considerably,  mainly 
due  to  the  significant  amount  of  plassia  leakage  occurring  before  soo  fS  (see 
Figure  11).  In  the  case  of  RPXP02,  th*  plasma  length  appears  to  range 
between  2S  and  40  mm  except  for  th*  value  at  about  2ao  as  after  shot- 
start.  The  length  around  3S0  «*  is  th*  dubious  plasma  length  obtained  from 
Figur*  21.  Th*  errors  in  the  length  values  for  both  graphs  in  Figure  23  are 
about  ±  4  mm  while  th*  tlm*  errors  are  about  t  SO  as.  Nith  so  few  points  and 
such  inaccuracy  there  is  little  lustlflcation  for  fitting  curve*  to  these 
graphs. 


Th*  result*  indicate  that  th*  siaxlmum  light  intensity  on  the  plasma 
intensity-profiles  varies  considerably  even  in  a  firing  which  has  little 
plasma  leakage,  no  arcing  ahead  of  the  projectile  and  no  plasma  disruption. 
However,  in  firing*  where  th*  plasma  armature  is  well-behaved,  th*  plasma 
length  and  hence  the  plassia  volume  do  not  vary  substantially. 


Th*  PARA  railgun  simulation  cod*  predicts  that  the  length/volume  of 
the  plasma  expand*  to  a  maximum  value  after  th*  plasma  has  been  generated 
because  th*  'explosive-  propulsion  force  (2)  is  initially  greater  than  the 
Lorentz  x  ()  force.  Nhen  th*  Lorentz  force  begins  to  dominate  in  a 
firing,  th*  cod*  predicts  that  the  plasma  contracts  considerably  reaching  a 
minimum  volume  at  peak  current.  As  th*  current  begins  to  decay  in  the 
inductively-driven  stage,  th*  internal  gas  pressure  becomes  more  dominant, 
for  low  values  of  current,  th*  plasma  armature  begins  to  expand  appreciably, 
until  at  projectile  exit  the  plasma  volume  1*  about  five  times  the  minimu.T. 
value  predicted  at  peak  current. 


It  should  also  be  noted  that  in  th*  para  cod*  the  plasma  length  is 
initially  set  equal  to  th*  distance  between  the  rear  of  the  projectile  and  the 
breech  of  th*  gun,  l.e.  47  m.  At  projectile  exit  th*  cod*  predicts  plasma 
lengths  almost  three  to  four  time*  th*  initial  length.  The  plasma  length  was 
seldom  equal  to  or  greater  than  47  nn  in  th*  entire  RPIP  series,  in  addition, 
the  continuous  expansion  of  the  plasma  armature  due  to  th*  exponential  decay 
of  th*  railgun  current  was  not  observed  in  the  RPIP  series.  Therefore  the  PARA 
prediction*  for  th*  plasma  length/volum*  versus  tlm*  do  not  agree  with  the 
actual  plasma  length  behaviour  observed  in  a  RAPID  railgun. 


Since  th*  plasma  length  was  found  to  be  relatively  steady  in  a 
firing  with  a  well-behaved  plasma  armature,  e.g.  RPIP02,  it  is  suggested  that 
the  assumption  of  a  constant  plasma  length/volum*  during  acceleration  might  be 
a  more  appropriate  way  to  model  the  plasma  armature  than  assuming  a  constant 
plasma  mass,  which  was  employed  in  th*  PARA  code. 


S.R  TMpmratmrm  Bstlaitea  for  th*  Naaam  Aiamtmr* 


In  this  section  temperature  estimates  for  th* 
obtained  by  using  three  different  methods.  Firstly,  it 
plasma  armature  behaves  as  a  black-body  with  the  energy 


plasma  armature  are 
is  assumed  that  the 
loss  due  to  radiative 


2C 


flux  equal  to  Che  energy  due  co  ohmic  heating  of  the  plasma,  secondly,  the 
results  of  the  one-dlmenalonal  arc-dynamics  code  developed  by  Powell  and 
Batteh  117,  IS)  are  used  in  conjunction  with  the  Spiczer  expression  for  the 
electrical  conductivity  of  a  plasma  [141.  The  temperature  estimates  obtained 
from  these  two  methods  are  then  used  as  a  check  on  the  third  method  in  which  i 
computer  code  developed  by  Kovlcya  (191  is  used. 


If  It  la  assumed  that  the  plasma  armature  behaves  as  a  black-body, 
then  the  heat  flux  at  its  surface  Is  given  by 

(34) 

where  o  is  Stefan's  constant  (S.ST  x  io~*  Jm~*K”*s~^).  An  estimate  for  the 
plasma  temperature  can  be  obtained  by  using  the  following  equation 

I  (v^  -  v^^l  =  2  (  wh  +  i^h  ♦  l^w)  (35) 

where  la  the  total  potential  drop  across  the  electrodes  and  is  assumed  to 
be  about  is  v  (12I . 


The  approximate  values  for  I,  and  1,  at  a  time  of  200  0$  after 
shoe-start  in  RPIP02  were  found  to  be  77  ±  s  kA,  ISO  v  and  3S  mm  respectively. 
Introducing  these  values  into  equation  (3S>  yields  a  plasma  temperature  of 
(2.1  1  0.1)  X  10*  K.  At  shoc-ouc  the  approximate  values  for  I,  v^  and  in 
RPIP02  were  found  co  be  33  t  4  kA,  ISO  v  and  28  nm  respectively.  Using 
equation  (3S)  with  these  values  yields  a  plasma  temperature  of  (1.7  *  0.1)  x 
10*  K  at  shot-out. 


The  estimates  for  the  plasma  temperature  using  Equation  (35)  are 
expected  to  be  higher  Chan  the  actual  average  temperature  because  this  method 
neglects  ocher  possible  heat-loss  mechanisms.  Hence  another  method  is  now 
used  co  determine  the  plasma  temperature. 

If  It  Is  assumed  that  boundary  effects  between  the  plasma  armature 
and  the  rails  are  negligible,  then  the  muzzle  voltage  becomes  the  sum  of 
three  distinct  voltages.  That  is: 


el 


L  ^ 


( 36 : 


where  is  the  resistance  of  the  plasma  armature  given  by  Equation  (2S)  and 
Lp  is  the  plasma  Inductance.  The  potential  v^^  is  assumed  to  be  about  IS  v  as 
before  while  the  plasma  inductance  is  considered  to  be  negligible  according  to 
Reference  (ill.  Introducing  Equation  (2S)  into  Equation  (36)  with  the  above 
simplification  yields: 


,  «i_  =  V  - 

’a  l^h  M 


IS 


(37) 


where  the  average  plasma  resistivity  «  is  given  by  the  spltzer  expression 

(141: 


2.«3  X  lO"*  Ygt 
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In  Equation  (38),  T  If  tn«  average  temperature,  n^  la  the  average  electron 
density  and  t-  i*  the  ratio  of  the  electrical  conductivity  of  the  plasma  to 
that  of  a  Lorents  gas.  The  parameter  t-  depends  on  Z,  which  in  turn  is  giver, 
by: 


Z 


»1  * 

*1  *  "*2 
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Where  Xj  and  Xj  are  the  concentrations  of  first  and  second-  ionised  species 
respectively.  Eguatlon  (38)  is  the  expression  used  by  Powell  and  Batteh  in 
their  one  and  two-dlMnslonal  arc-dynamics  codes  113,18,20,21).  It  should  be 
noted  that  accordlno  to  Ichimaru  (22),  the  logarithmic  term  in  Equation  (38) 
is  dependent  on  rather  than  Z~^.  Since  values  of  Z  close  to  unity  are 

considered  here,  this  discrepancy  is  neglected. 


The  logarithmic  term  in  Eguatlon  (38)  Is  now  shown  to  be  a  slow.y- 
varying  quantity  by  using  the  predictions  of  the  Powell  and  Batteh  one- 
dlmenslonal  arc-dynamics  coda  for  two  railgun  plasma  extremes.  The  version 
of  this  code  available  at  MKL  predicts  that  a  plasma  with  an  electron  density 
of  3.9  X  10^^  m^  will  nave  values  of  o.S2  and  0.04  respectively  for  the  con¬ 
centrations  of  first  and  aecond-lonlaed  copper  at  a  temperature  of  about  2 . 2 
10^  K.  tinder  these  conditions  the  value  of  the  logarithmic  term  appearing  in 
Equation  (38)  is  about  3.0.  The  code  also  predicts  that  a  plasma  with  an 
electron  density  of  8.S  x  10^*  m"^  and  a  temperature  of  s.9f  x  lo*  k  wii:  hav 
values  of  o.o  and  i.o  for  Xj  and  Xj  respectively.  For  this  case  the  value  : 
the  logarithmic  term  in  Equation  (38)  becomes  approximately  equal  to  2.4. 

Thus  there  is  slight  variation  in  the  values  of  the  logarithmic  term  in 
Equation  (38)  for  the  two  plasma  extremes. 

Before  a  suitable  value  between  2.4  and  3.0  can  be  assigned  to  the 
logarithmic  expression  In  Equation  (38),  it  must  be  shown  that  the  electron 
density  n,  of  a  railgun  plasma  can  reach  the  densities  mentioned  in  the 
previous  paragraph.  given  that  the  mass  of  the  aluminium  foil  used  in  rpi?: 
was  about  0.012  g  and  assuming  that  the  foil  on  initiation  was  completely 
f irst-ionlsed, ,tne  nusiber  of  electrons  available  in  the  plasma  armature  is 
about  2.7  X  10^’’.  As  discussed  in  the  last  section,  the  plasma  length  was 
found  to  be  about  3S  i  10  mm.  Hence  plasma  volume  is  approximately 
(1.7  ±  0.5)  X  10"*  m^  and  the  electron  density  is  (i.«  ♦  0.4)  x  10**  m"^. 

Thus  the  electron  density  of  a  railgun  plasma  can  reach  levels  where  a  value 
between  2.4  and  3.0  can  be  assigned  to  the  logarithmic  term  appearing  in 
Equation  (38),  provided  the  resultant  temperature  estimate  for  the  plasma 
armature  is  of  the  order  of  lo*  K. 


The  logarithmic  term  in  Equation  (38)  is  now  set  equal  to  a  value  0 
3.0  because  it  is  believed  that  the  average  plasma  temperature  is  closer  to 
2.2  X  10^  K  rather  than  S.9  x  10*  K  (23).  if  it  is  also  assumed  that  the 

plasma  is  first-ionised  so  that  t-  equals  0.5818  (24),  ^hen  Equation  (38) 
becomes : 


2.0  X  10  Z 
.3/2 


(«: 
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As  mentlonsd  previously.  After  the  plesma  had  been  generated,  the 
muzzle  voltage  remained  steady  in  those  firings  where  no  plasma  instability 
and  no  arcing  ahead  of  the  projectile  occurred.  In  such  firings  the  muzzle 
voltage  is  approximately  ISO  v,  which  yields  a  value  of  iss  v  for  the  right 
hand  side  of  Equation  (31) .  After  the  muzzle  voltage  had  settled,  the  raiigur. 
current  varied  between  34  kA  and  cs  KA,  where  the  uncertainty  due  to  the 
current  calibration  factor  has  been  taken  Into  account.  Therefore  the 
resistance  of  the  plasma  armature  varies  between  3.5  and  4.<  ms,  which  agrees 
with  Figure  8. 

As  stated  in  the  previous  section,  it  was  found  experimentally  that 
the  plasma  length  1  ranged  between  25  and  45  nm.  From  Equation  (3S),  the 
resistivity  of  the  plasM  armature  s  equals  0.35  A  1  for  a  rapid  raligun. 
According  to  Figures  8  and  23,  the  piasma  length  was  slightly  larger  for  lower 
values  of  the  plasma-armature  resistance.  Thus  setting  equal  to 

4.8  mo  and  1  to  25  mm  yields  a  value  of  8.C  x  io~^  Om  for  «  whereas  setting 

R,  equal  to  f.<  mO  and  1  to  45  mm  yields  a  value  of  8.8  x  Om  for  «  . 

setting  R^  equal  to  2.C*mO  and  1  to  25  mm  yields  a  minimum  value  of  ^ 

4.9  X  lo~^  Om  for  f  ,  which  is  used  to  determine  an  estimate  for  the  maximum 
average  temperature*of  the  plasma  armature. 


For  temperatures  close  to  2.0  x  lo*  K,  the  degree  of  second 
ionisation  is  small  and  the  value  of  Z  approaches  unity.  In  one  of  the 
previously  mentioned  examples  obtained  from  the  Batteh  and  Powell  code,  z  was 
found  to  be  equal  to  t.i  when  the  temperature  was  equal  to2.2xio*K.  ifa 
value  of  1.1  la  introduced  into  Equation  (40)  for  Z,  then  the  average 
temperature  of  the  plasma  armature  with  the  resistivity  «  set  equal  to 
8.7  X  10"*  am  becomes  1.9  x  10*  K.  A  value  of  l.O  for  *Z  with  the  same 
value  for  yields  an  average  plasma  temperature  of  i.i  x  lo*  K. 

A  maximum  average  temperature  Is  obtained  by  setting  •  equal  to 

4.9  X  10'^  Om  and  using  a  slightly  higher  value  for  Z  to  account  for  the 
increase  in  the  concentration  of  second  ionisation  Xj.  At  temperatures 
around  3.0  x  lo*  K,  Z  is  approxlsiately  equal  to  1.5.  Using  this  value  for  Z 
in  Equation  (40)  yields  a  maximum  average  temperature  of  2.C  x  lo*  k.  Thus 
the  average  internal  temperature  of  the  plasma  armature  is  expected  to  be 
around  i.i  x  10*  K  with  a  maximum  possible  temperature  close  to  2.8  x  lO*  k. 
However,  it  is  unlikely  that  the  plasma  temperature  reaches  2.6  x  lO*  x 
because  using  the  first  method  yielded  a  temperature  of  (2.1  *  O.il  x  lO*  k. 


The  estimates  for  the  plasma  temperature  obtained  from  the  second 
method  have  relied  on  the  validity  of  the  Spltzer  expression  for  the 
electrical  conductivity.  According  to  Cohen,  Spltzer  and  HcR.  Routly  (251,^ 
Equation  (38)  becomes  less  valid  as  the  electron  density  increases  above  lo^^ 
electrons/m^  and  the  temperature  decreases  below  ic*  K.  In  order  to  verify 
the  low  temperature  estimate  obtained  by  using  Equation  (38),  a  computer  code 
developed  by  Kovitya  (191  was  used.  This  code  predicts  many  physical 
properties  of  partially  and  fiully-ionised  plasmas  including  the  electrical 
conductivity  and  has  been  used  by  Kovitya  and  his  co-workers  in  their  studies 
of  ablation-dominated  arcs  and  sun-spot  activity.  They  report  good  agreement 
with  experiment  in  References  (28-281.  Details  ooncernlng  the  applicability 
of  this  code  to  raligun  plasmas  have  been  reported  elsewhere  [29[. 


Before  Kovltya's  code  can  be  used,  the  temperature  and  pressure 
ranges  of  Interest  need  to  be  specified  together  with  the  mole  fractions  of 
the  various  neutral  species  Initially  comprising  the  plasma,  in  the 
successful  firing  RPIP06,  a  piece  of  copper  foil  was  used  to  generate  the 
plasma  and  thus  It  is  assumed  that  the  plasma  was  composed  entirely  of  copper 
atoms  and  ions  throughout  the  firing.  That  is  the  amount  of  cadmium,  which 
comprised  only  0.<%  of  the  rails,  and  the  amount  of  material  ablated  from  the 
rails  and  RAPID  gunbody,  are  assumed  to  be  negligible.  In  addition,  since 
plasma  temperatures  between  1.7  x  10^  and  2.S  x  10*  K  have  been  obtained  by 
using  Equation  (3t),  the  range  of  temperatures  to  be  considered  when  using 
Kovltya's  code  is  from  O.s  x  lo*  to  2.c  x  10*  K. 

Estimates  for  the  plasma  pressure  after  the  muzzle  voltage  had 
stabilised  are  obtained  by  using  the  following  equation  (301: 


where  L'  has  replaced  L’  and  m  Is  assumed  to  be  much  greater  than  m  . 
Putting  L'  and  I  equal  Co  maximum  values  of  0.S4  and  6S  icA,  respectively, 
yields  a  pressure  of  about  2.4  x  lo^  Pa  or  2.4  x  lo^  atm.,  whereas  putting  i' 
and  I  equal  to  minimum  values  of  0.32  >11  and  34  XA  yields  a  pressure  of 
approximately  3.8  x  10*  Pa  or  0.4  x  lo^  atm. 


The  graphs  of  the  electrical  conductivity  for  a  copper  plasma  at 
pressures  of  2.4  x  lO^  and  0.4  x  lO^  atm.  are  shown  in  Figure  24.  This  figure 
shows  that  the  plasma  is  more  conductive  at  lower  pressures  for  temperatures 
below  approximately  i.«  x  lo*  K  whereas  for  temperatures  above  1.6  x  lo*  k, 
the  plasma  becomes  more  conductive  at  higher  pressures. 

Figure  25  shows  the  muzzle  voltage  record  for  RPIP06.  After  a 
period  of  about  0.3S  ms,  the  muzzle  voltage  settled  to  a  value  close  to 
1.9  x  10^  V  for  approximately  0.3  ms  and  then  decreased  steadily  to  a  value 
close  to  1.6  X  10*  V  at  shot-out.  Assuming  that  the  total  potential  of  the 
electrodes  was  is  v  (izl,  the  potential  difference  across  the  plasma  was 
therefore  between  1.8  x  10*  and  i.s  x  lo*  v. 

Since  the  potential  difference  across  the  plasma  was  1.8  x  lo*  v 
when  the  rallgun  current  was  66  kA  about  0.3  ms  after  shot-start,  the  plasma 
resistance  was  3.7  ma.  The  microdensitometer  reading  at  this  instant  of  the 
firing  showed  no  density  or  temperature  variation  over  the  plasma  length.  The 
plasma  length  was  found  to  be  30  mm  at  a  light-intenslty  of  three  times  the 
background  level.  Vslng  Equation  (28)  yields  a  value  of  6.1  x  io~^  am  for  the 
plasma  resistivity  and  since  electrical  resistivity  is  the  reciprocal  of 
electrical  conductivity,  the  electrical  conductivity  Is  found  to  be 
1.6  X  10*  S/m.  According  to  Fioure  34,  this  value  corresponds  to  average 
plasma  temperatures  of  1.7  x  lo*  and  2.o  x  10*  K  for  pressures  of  2.4  x  lo* 
and  0.4  X  10*  atm.  respectively. 

At  shot-out,  the  rallgun  current  was  34  kA  and  hence  the  plasma 
resistance  was  4.4  ma.  The  mlcrodensltometer  reading  close  to  shot-out  showei 
no  density  or  temperature  variation  and  the  plasma  length  was  found  to  be 
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32  mm  for  the  same  llght-lntenaicy  level  as  In  the  previous  paragraph.  Thus  a 
value  of  9.S  X  10^  S/m  is  obtained  for  the  electrical  conductivity,  which 
corresponds  to  average  plasma  temperatures  of  1.3  x  lo*  and  1.4  x  lo*  k  for 
pressures  of  0.4  x  10^  and  3.4  x  10^  atm.  respectively. 


The  temperature  estimaces  reported  here  are  all  higher  than  the 
estimates  obtained  in  Reference  (231.  This  is  attributed  to  the  fact  that  i.t 
Reference  (231,  the  authors  were  studying  a  free-flowing  plasma,  i.e.  a  plasr.a 
without  a  projectile  Impeding  its  motion.  In  this  situation,  the  plasma  is 
longer  and  hence  leas  dense  than  a  typical  plasma  armature,  which  may  accou.tt 
for  the  lower  temperatures. 

It  should  be  noted  that  the  estimates  for  the  average  Internal 
temperature  of  the  plasma  armature  have  been  determined  by  assuming  that 
boundary  effects  between  the  rails  and  the  plasma  armature  are  negligible. 

When  applying  their  one-dlmenslonal  arc  dynamics  code  to  the  Rashlelgh- 
Marshall  experiment  (31I,  aatteh  and  Powell  found  that  the  potential 
difference  across  the  plasma  was  47  V  (I7,is).  This  value  did  not  compare 
favourably  with  l<0  v  measured  by  Rashleigh  and  Marshall  across  the  muzzle. 
They  therefore  concluded  that  boundary  effects  were  important  in  explaining 
the  muzzle  voltage  difference.  In  addition,  Batteh  and  Powell  found  that  t.te 
average  plasma  temperature  was  S.6  x  10*  X.  They  concluded  that  to  obtain 
lower  plasma  temperatures.  It  was  necessary  to  consider  a  two-dimensional 
model  of  the  plasma  armature  in  a  rallgun.  However,  their  two-dimensional 
code  (19,20)  predicted  plasma  temperatures  above  3.0  x  lo*  K.  Although  the 
rallgun  current  given  In  Reference  (31)  was  significantly  higher  than  the 
current  in  the  RPIP  aeries,  which  would  imply  higher  plasma  temperatures,  it 
Is  most  likely  Powell  and  Batteh ‘s  assumption  that  the  plasma  was  nearly 
completely  double-ionised  was  responsible  for  their  very  high  temperature 
estimate. 


Figure  26  shows  the  concentrations  of  copper,  cu*  and  Cu^*  predicted 
by  Kovitya's  code  for  the  two  pressures  of  2.4  x  lo^  and  o.4  x  lo^  atm. 
between  temperatures  of  0.8  x  10^  and  2.6  x  10^  K.  The  graphs  show  that  the 
concentration  of  neutral  copper  atoms  decreases  more  rapidly  for  lower 
pressures  as  the  temperature  increases.  In  addition,  the  concentration  of  cu' 
Increases  more  rapidly  for  lower  pressures  until  about  2.0  x  lo*  K.  For 
temperatures  above  2.0  x  10*  K,  the  concentration  of  Cu'^  begins  to  decrease 
for  the  pressure  of  0.4  x  10^  atm.  corresponding  to  an  Increase  in  the 
concentration  of  Cu**,  whereas  the  concentration  of  Cu*  at  a  pressure  of  2.4  x 
10^  atm.  is  still  increasing. 


These  results  indicate  that  the  concentration  of  neutral  coppe 
atoms  can  be  significant  for  temperatures  and  pressures  above  i.S  x  lO*  K  and 
240  atm.  respectively.  Furthermore,  the  concentration  of  cu'*'  may  be 
significant  at  very  high  pressures  for  temperatures  where  the  concentration  of 
Cu^*^  IS  significant  at  a  pressure  of  40  atm. 


In  the  Rashielgh-Marshall  experiment  (hereafter  referred  to  as  the 
RM-experiment) ,  the  rallgun  current,  the  bore  cross-,sectlon  and  L'  were 
300  KA,  1.6  X  io~*  m^  and  0.43  aH  respectively,  substituting  these  values 
into  Equation  (4i)  yields  a  pressure  of  1.2  x  lo*  Pa  or  1.2  x  lo^  atm,  which 
Is  considerably  higher  than  the  pressures  in  the  rpip  series,  in  view  of  the 
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results  o£  the  previous  paregraphs,  the  concentrations  of  Cu  and  Cu'^  can  be 
significant  for  temperatures  above  2.0  x  10*  K  at  a  pressure  of  1.2  x  10^  atm. 
Using  their  two-dimensional  model,  Powell  and  Batteh  [19,201  obtained  an 
average  plasma  temperature  of  3.7  x  10*  X  for  the  RM-experlment.  Even  at  this 
temperature,  it  Is  most  likely  that  the  concentration  of  cu'*'  could  be 
significant,  thereby  implying  that  the  plasma  is  not  completely  double- 
ionised. 


Powell  and  Batteh  calculated  a  value  of  SO  v  for  the  potential 
difference  across  the  plasma,  which  was  far  below  the  I60  v  measured  across 
the  muzzle  in  the  RM-experlment.  Using  Equation  (37)  with  1  equal  to  9.8  cm 
as  given  In  Reference  (211  yields  a  value  of  4.8  x  10~^  am  fir  the  plasma 
resistivity  in  the  RM-experlment.  The  electrical  conductivity  is  therefore 
2.1  X  10*  S/m,  which  corresponds  to  a  temperature  of  2.0  x  10*  x  for  a 
pressure  of  2.4  x  10^  atm.  according  to  Figure  24.  The  temperature  is  likely 
to  be  less  than  2.0  x  10*  K  because  using  Equation  <4l)  yields  a  pressure  of 
1.9  X  10*  Pa  or  1.9  X  10^  atm  for  the  RM-experlment.  This  Implies  chat  the 
plasma  in  the  RM-experlment  had  significant  contributions  of  Cu  and  cu'*'  and  a 
negligible  concentration  of  Cu*'*',  which  contradicts  Powell  and  Batteh' s 
assumption  of  the  plasma  being  nearly  completely  doubie-lonlsed.  it  is  also 
Interesting  to  note  that  the  temperature  is  not  a  strong  function  of  the 
rallgun  current  since  the  plasma  temperature  estimate  for  the  RM-experiment 
did  not  increase  by  the  same  factor  as  the  rallgun  current  did,  when  compared 
with  RPIP06. 


S.9  Rail  oaaage 


The  damage  to  the  inner  surfaces  of  the  rails  caused  by  the  plasma 
armature  and  runaway  arcs  was  so  severe  that  both  rails  had  to  be  replaced 
after  each  firing.  In  this  section  a  short  sumary  on  rail  damage  is 
presented.  For  a  more  complete  description  of  damage  in  a  RAPID  rallgun, 
especially  from  a  metallurgical  point  of  view,  the  reader  Is  referred  to 
References  (91  and  (321.  in  more  recent  work,  sadedin  and  stainsby  [331  nave 
Investigated  rail  damge  in  a  three-stage  rallgun  incorporating  puff- 
switching. 


Two  different  forms  of  surface  degradation  were  observed  on  the 
inner  surfaces  of  the  rails.  The  first  of  these  was  melting,  which  resulted 
in  the  ablation  of  material  due  to  ordinary  heat  conduction  occurring  in  the 
rails  close  to  the  inner  surfaces.  The  second  was  related  to  arc  damage  which 
Is  discussed  later.  Melting  is  the  store  severe  form  of  rail  damage  but  is 
reduced  when  the  projectile  is  injected  into  a  rallgun  at  high  velocities 
(341. 


The  mechanism  of  heat-flow  from  the  plasma  armature  to  the  rails  is 
still  not  understood  although  Powell  [3SI  has  recently  proposed  a  model  for 
thermal  energy-transfer  in  which  it  is  assusied  that  the  dominant  heat-flow 
mechanism  is  radiation  from  the  plasma  armature  impinging  on  the  inner  rail 
surfaces.  Thus  the  heat-flux  incident  on  the  inner  rail  surfaces  in  this 
model  IS  given  by  Equation  (34). 
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When  Che  plasma  armature  becomes  relatively  fast-moving,  which 
occurs  for  displacements  greater  than  350  mm  or  for  velocities  greater  than 
700  m/s  in  a  «  kv  firing  using  a  RAPID  raligun,  there  is  not  a  sufficiently 
long  exposure-time  for  melting  to  occur  on  Che  Inner  rail  surfaces.  Then  the 
second  form  of  surface  degradation  begins  to  appear. 


The  second  form  of  surface  degradation  is  known  as  'arc  damage'. 

The  appearance  of  arc  streaks  or  cracks  on  the  inner  surfaces  of  the  rails,  as 
described  in  Reference  t91,  is  representative  of  this  form  of  damage.  Arc 
damage  probably  occurs  throughout  an  entire  firing  and  is  most  likely  caused 
by  the  raligun  current  passing  from  the  Inner  rail  surface  to  the  plasma 
armature  on  one  side  and  then  by  the  current  passing  from  the  plasma  armature 
to  the  other  Inner  rail  surface,  since  arc  damage  Is  not  as  severe  as 
melting,  it  Is  likely  that  less  material  is  ablated  from  the  rail  surfaces 
into  the  plasma  armature  for  displacements  greater  than  350  mm.  This  implies 
Chat  less  rail  material  enters  the  plasma  armature  later  in  a  firing. 

It  was  observed  that  the  arc  crack  patterns  on  the  two  rails  were 
different.  This  suggests  that  the  current  passing  from  one  inner  rail 
surface  Co  the  plasma  armature  does  not  behave  In  fine  detail  in  the  same  way 
as  Che  current  passing  from  the  plasma  to  the  other  inner  rail  surface.  Thus 
the  boundary  conditions  for  the  solution  of  the  current  diffusion  equation, 
which  will  determine  Che  current  distribution  in  the  rails,  may  be  different 
for  the  respective  rails.  Hence  it  is  probable  that  the  resulting  current 
distributions  in  both  rails  are  different,  thereby  implying  asymmetry.  In 
previous  calculations  of  the  rail  inductance  lio,3£),  it  has  been  assumed  that 
the  current  distributions  in  both  rails  were  the  same. 


«■  EVALUATIOtt  or  RAILGUK  PARAMETERS 


C . 1  Raligun  ECClclenclaa 

In  this  section  an  expression,  which  Is  not  expllclty  dependent  on 
barrel  length,  is  derived  for  an  upper  bound  to  the  efficiency  of  a  raligun. 
The  resulting  expression  is  Chen  compared  with  the  exit-velocity  measurements 
presented  earlier.  When  the  length  of  the  gun  barrel  Is  expllclty  taken  into 
account,  the  upper  bound  Is  reduced. 


The  single-shot  efficiency  of  a  raligun  is  usually  defined  as  the 
ratio  of  the  exit  kinetic  energy  of  the  projectile  to  the  initial  input  energy 
scored  by  the  capacitor  bank.  Therefore  the  upper  bound  for  the  efficiency 
is  found  by  determining  Che  maximum  possible  exit-velocity.  To  calculate  the 
maximum  possible  exit-velocity.  Equation  (31)  is  used  with  the  retarding  force 
term  f  sec  equal  to  zero.  Thus  in  the  capacltively-drlven  stage  Equation  (31 ! 
becomes : 


— R.  t./L 

>  dv  1  ,  .  -2  ^  tot  0  _  -2  ,,,2,1/2,., 

a  p  at  2  p  m  o  tot  o 


(  42  ) 


33 


p 


where  use  has  been  made  of  Equation  (s).  Integrating  Equation  (42)  with 
respect  to  time  yields: 


-Rt/L. 
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(43) 


Where  the  subscript  'tot'  has  been  dropped  for  convenience.  Equation  (43) 
provides  a  value  for  the  maximum  projectile  velocity  at  time  t,  when  the 
rallgun  Is  being  capacitlveiy-drlven  provided  the  value  used  for  L'  is  a 
maximum.  To  obtain  the  corresponding  displacement  at  time  t,  EquStlon  (43) 
must  be  Integrated  with  respect  to  time.  This  yields: 

(m  +  m  )(x  -  X  )  -  ^  L'  -  - -  -  — 
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where  Xg  is  the  initial  position. 

In  the  early  part  of  the  inductlvely-drlven  stage  it  was  found  t.nat 
the  current  in  the  RAPID  rallgun  could  be  described  by  Equation  (19). 
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term  f  set  again  equal  to  zero  and  then 
the  following  equation  for  the  velocity 


L  L'l 

(m  +  m  )  (v  -  v(t  ))  «  f- P  —  (1 

a  p  c  4R 


where  Rj  equals  R  +  Rg  and  v(tg)  is  the  velocity  at  the  Instant  the  capacitor 
ban)c  Is  crowbarred. 

In  the  late  part  of  the  inductively-drlven  stage,  typically 
for  t  >  550  #s  from  shot-start.  It  was  found  that  the  current  in  the  railgun 
circuit  was  no  longer  described  by  Equation  (20)  because  the  total  circuit 
resistance  began  to  Increase.  For  times  greater  than  550  fs.  Equation  (24) 

Is  more  appropriate  than  Equation  (20).  However,  since  the  current  is 
exponentially-damped  more  in  the  late  part  of  the  inductively-drlven  stage 
than  In  the  early  part.  Equation  (45)  is  also  applicable  to  this  part  of  the 
inductively-drlven  stage. 


Integrating  with  respect  to  time  gives 
of  the  plasma-projectile  system; 


-2R,(t-t  )/L 
e  '  '  “) 


(45) 


The  projectile  displacement  Is  obtained  by  Integrating  Equation  (45! 
with  respect  to  time  and  is  given  by: 


L.i:(t-t.) 


(m,  +  m_)  (x  -  x(t.)  -  v(t  )(t-t  ))  -  T’  L'  I- 
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LI,  -2R, (t-t  )/L 


(  •«  6  ) 


where  x(t,)  Is  the  projectile  displacement  at  t-t^  and  is  found  by 
Equation  (44).  Equation  (46)  has  also  been  obtained  independently 
[37)  in  a  slightly  different  form. 


using 
by  Batteh 


An  expression  for  an  upper  bound  to  the  efficiency  can  now  be 
derived  from  Equations  (43)  and  (45).  Firstly,  a  limiting  velocity  is 
obtained  by  considering  the  large-time  limit,  l.e.  t  -»  »,  in  Equation  (45). 
Thus  the  upper  bound  to  the  velocity  attained  by  a  projectile  in  a  railgun  is; 


L’L  I^ 
POO 


V  »  v(t  )  +  , 

max  c  4R, (m 


m  ) 
P 


(  47  ! 


Where  the  velocity  v(t^)  is  found  from  Equation  (43)  and  is  given  by; 
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(48) 


The  upper  bound  velocity  given  by  Equation  (47)  is  not  expllcity 
dependent  on  the  length  of  the  gun-body  but  is  dependent  on  the  conditions  in 
the  rallgun  circuit  at  the  instant  when  the  capacitor  banic  is  crowbarred. 
Equation  (47)  also  requires  that  the  combined  mass  of  the  plasma-projectile 
system  be  Known.  However,  If  the  projectile  exit  time  t^  is  known,  then  the 
upper  bound  velocity  is  reduced  to; 
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which  follows  directly  from  Equation  (45).  The  exit  time  is  dependent  on  the 
length  of  the  gun  barrel  amongst  other  parameters.  From  Equation  (49),  it 
can  be  seen  that  the  longer  It  takes  the  projectile  to  reach  its  exit  the 
higher  the  upper  bound  velocity  becomes.  Thus  the  upper  bound  velocity  would 
be  higher  for  the  firings  of  longer  duration  in  the  RPIP  series  even  though 
the  measured  exit  velocities  in  these  firings  were  considerably  lower  than  the 
exit  velocities  measured  in  the  experiments  of  shorter  duration.  Hence,  it 
Is  more  convenient  to  consider  Equation  (47)  rather  than  Equation  (49)  because 
of  Its  independence  of  the  length  of  the  gun  barrel  and  the  exit  tl.me  t^. 


In  order  to  determine  the  upper  bound  velocity  given  by  Equation 
(47)  for  a  RAPID  rallgun  of  arbitrary  length,  the  value  of  f  is  set  equal  to 
0.53  sH/m.  The  value  of  0.53  »H/m  corresponds  to  an  L’-  valSe  for  a  rallgun 
with  a  rail  height/bore  width  ratio  of  about  3/2.  This  value  has  been 
obtained  by  assuming  that  the  current  is  distributed  in  thin  sheets  along  the 
inner  surfaces  of  the  rails  (loi.  Since  diffusion  of  current  into  the  rails 
has  not  been  allowed  for,  the  value  chosen  for  L'  is  considered  to  be  a 
maximum,  thereby  ensuring  that  Equation  (47)  is  tFuly  an  upper  bound. 

Before  the  upper  bound  velocity  In  Equation  (47)  can  be  obtained, 
the  velocity  v(tg)  must  be  found.  in  the  RPIP  series  the  time  at  which  the 
capacitor  bank  was  crowbarred  was  about  190  «s  after  shot-start.  The  value 
of  ij^  is  found  by  using  Equation  (l5)  with  I.  equal  to  Si  ±  8  kA.  Using  the 

RPIP02  values  for  r  and  •  in  Table  3  yields  a  value  of  89  ±  9  kA  for  i^. 

Putting  (m,  *  m.)  equal  to  0.39  g  in  Equation  (48)  yields  a  value  of  (5.0  t 

i.i)  X  10^  m/s  for  v(tg). 

At  t  >  tg,  the  experimental  value  for  rallgun  current  was  77+8 
kA.  When  this  value  is  introduced  into  Equation  (47)  along  with  the  value  of 
(tg),  a  value  of  (2.1  ±  0.5)  x  lO^  m/s  is  obtained  for  since  the  exit 
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time  for  the  RPIP  series  was  less  than  1  ms,  v^x*^e*  Equation  ii’) 

is  <1.9  ±  0.4)  X  10^  m/s  for  t^  equai  to  1.0  ms.  As  expected,  both 
velocities  v_.„  and  v_,„(t->  are  much  greater  than  the  exit  velocities 
appearing  in  Table  2,  which  do  not  even  reach  I  tan/a  except  for  some  dubious 
results.  A  comparison  of  the  maximum  exit  velocity  v^jj(tg)  with  the  exit 
velocity  recorded  for  RPIP02  (923  m/s)  gives  an  indication  of  the  substantia: 
effect  on  railgun  performance  caused  by  retardational  effects  and/or  by  the 
diffusion  of  current  in  the  rails,  which  can  lower  the  value  of  f 
substantially  Iio). 


The  efficiency  of  a  railgun  is  defined  as  the  ratio  of  the  Xinetic 
energy  of  the  projectile  on  exit  to  the  total  energy  initially  stored  by  the 
capacitor  bank.  Therefore,  using  Equation  (47),  the  upper  bound  to  the 
efficiency,  denoted  by  is: 

nVaX 


m  L' 
p 


4C(m,  +  m_)^ 

a  p  0 


(r^  s  + 

m  0  0  1 


(50) 


Where  the  parameter  t  is  given  by: 


•r  •  2  (m  +  m  )  v(t  )/Ii'l^  (5i) 

d  p  c  n 

The  energy  stored  by  the  capacitor  banx  can  be  related  to  the  energy 
stored  by  the  inductor  at  peaX  current  by  the  following  equation: 

CV^  -  #L  (52) 

0  op 

where  I  is  greater  than  or  equal  to  unity.  When  t  equals  unity,  all  the 
energy  in  the  capacitor  banx  is  transferred  to  the  storage  inductor  at  peax 
current,  i.e.  the  railgun  behaves  as  an  LC-oscillator.  As  discussed  in 
subsection  5.2,  t  is  greater  than  unity  for  a  RAPID  railgun  and  is 
approximately  equal  to  1.4  assuming  the  calibration  factor  for  the  current- 
time  records  is  92  XA/V. 

If  Equations  (is)  and  ($2)  are  introduced  into  Equation  (so),  then 
an  alternative  form  for  the  upper  bound  to  the  efficiency  is: 


m  I,' 
_E _ 


4fL  (m  m  ) 
0  a  p 


2  ‘Tip  exp<R./2.L^)  *  L^I^ 


(53) 


If  the  dependence  on  the  time  taxen  for  the  projectile  to  exit  (t^)  is 
included,  as  in  Equation  (49),  then  Equation  (53)  becomes: 
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ic  should  b«  noted  that  Equations  (so)  and  (S3)  are  not  valid  for 
small  values  of  R^,  l.e.  when 
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substituting  the  values  found  earlier  for  RPIP02  and  a  value  of  0.53  ^H/m  f:r 
L  into  the  inequality  indicates  that  Equations  (50)  and  (53)  are  not  valid 
for  a  RAPID  rallqun  when  the  circuit  resistance  in  the  inductively-driven 
stage  la  leas  than  i . i  ms  .  This  did  not  occur  in  the  RPIP  series  (see  Table 
3).  According  to  Figure  8,  a  value  of  l.l  mR  is  a  factor  of  2  to  5  less  than 
the  resistance  of  the  plasma  armature.  Thus  for  the  unlixely  situation  where 
the  inequality  is  valid,  the  duration  of  the  rallgun  firing  should  be 
considered  when  evaluating  the  upper  bound  to  the  efficiency.  Hence  Equations 
(51)  and  (54)  should  be  used  instead. 

The  equations  for  the  upper  bound  in  the  efficiency,  i.e.  Equations 
(so),  (53)  and  (54),  indicate  that  the  efficiency  depends  on  the  square  of  the 
rail  inductance  per  unit  length  and  on  the  square  of  the  peax  current.  In 
addition,  the  second  term  on  the  right  hand  side  of  Equation  (53)  for  a  ra?:: 
rallgun  dominates  the  first  term,  which  is  valid  for  all  inductlveiy-drive.-. 
guns.  It  is  interesting  to  note  that  an  increase  in  L'  is  just  as  effective 
as  increasing  the  peaX  current  in  order  to  improve  the  efficiency  of  a 
rallgun.  An  increase  in  L'  implies  altering  the  geometry  of  the  rallgun  to 
increase  the  total  magnetic  flux  between  the  rails.  This  can  be  done  by 
increasing  the  rail  separation  and/or  by  decreasing  the  height  of  the 
rails.  An  increase  in  the  peaX  current,  however,  is  limited  by  the  maxi.T.u.m 
amount  of  energy  capable  of  being  stored  by  the  capacitor  banx. 


For  a  RAPID  rallgun  and  using  the  circuit  values  for  RPIP02,  the 
upper  bound  to  the  efficiency  given  by  Equation  (50)  yields  a  value  of  o.oir  ± 
0.016  whereas  the  value  for  the  efficiency  given  by  Equation  (54)  is  found  to 
be  0.025  ±  0.011.  As  expected,  these  values  are  much  higher  than  the 
experimental  value  of  o.oot  for  the  efficiency  given  in  Subsection  5.1. 

It  has  already  been  shown  that  an  increase  in  the  efficiency  of  an 
electromagnetic  launcher  is  achieved  when  the  rail  inductance  per  unit  length 
and  the  peaX  current  are  increased.  An  increase  in  efficiency  will  also 
occur  when  the  suss  of  the  plasma-projectile  system  and  total  circuit 
resistance  are  as  low  as  possible,  in  addition,  an  increase  in  efficiency 
will  result  if  $  can  be  made  to  approach  unity. 

The  equations  presented  in  this  section  highMght  the  importance  of 
the  time  constant  r.  As  can  be  seen  from  the  experimental  results,  it  is  the 
inductively-driven  stage  which  is  responsible  for  the  dominant  contribution  to 
the  exit  velocity  of  the  projectile.  Thus  the  larger  the  time  constant,  the 
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more  efficient  the  firing.  Hence  it  is  necessary  to  keep  the  circuit 
resistance  as  low  as  possible,  if  possible,  techniques  aimed  at  stopping  tr.e 
resistance  from  Increasing  during  firings  as  observed  In  Subsection  5.2  should 
be  sought. 


Since  RPIP02  was  amongst  the  most  efficient  of  the  firings  in  the 
series,  those  firings  in  Table  3  with  significantly  larger  time  constants  than 
RPIPOI  must  be  considered  dubious  unless  crowbarring  of  the  capacitor  bank 
occurred  at  a  lower  value  of  l^,  l.e.  later,  or  arcing  occurred  ahead  of  the 
projectile  in  those  firings. 


C.2  Lower  loaiid  for  the  Effective  Inductance  Per  unit  Length 

In  the  previous  subsection  expressions  for  an  upper  bound  to  the 
velocity  of  a  rallgun  projectile  at  any  time  t  were  obtained.  These 
expressions,  given  by  Equation  (41)  for  t  <  t^  and  by  Equation  (45)  for 
t  >  t^,  can  be  used  to  determine  a  lower  bound  to  the  effective  inductance  per 
unit  length  for  each  firing. 


The  effective  inductance  per  unit  length  a  quantity  used  tp 

replace  the  right  hand  side  of  Equation  (31)  to  the  more  convenient  form  of: 


/  I  dv 

(m  ♦  m  )  — 
a  p  dt 


1  L'  I^ 

2  ‘‘eff  ^ 


i  56 ; 


where  L'  ,  •  L'  -  2f/l^.  If  L'  is  assumed  to  be  constant  in  a  rallgun 
firing, ^l‘lower  bound  to  it  is  found  by  replacing  L'  in  Equations  (43)  and 
(45)  by  L'  .  and  then  equating  the  right  hand  side  of  Equation  (45)  with  t 
replaced  §y  t^  to  the  experimentally-determined  momentum  of  the  plasma- 
projectile  system  on  exit.  Thus  the  lower  bound  to  the  effective  inductance 
per  unit  length  for  a  RAPID  rallgun  firing  is: 


*^eff *mln 


4(m  ♦  m  )  V 

_ a  p  e 


fl^  (1  -  e  *^^e”^c*^^)  ♦  4(m  +  m  )v(t  )/!,■) 
0  a  p  c  p 


(5'! 


where  v^  is  the  measured  exit  velocity  and  v(tg)  is  given  by  Equation  (43). 
In  Equation  (57),  the  time  constant  r  equals  RPIP02,  (m^  *  m^) 

was  equal  to  0.392  g,  r  was  equal  to  8.3  x  10~*  s  and  i^  was  equal  to 
(77  ±  8)  kA.  In  addition,  v(tg)/Lp  was  equal  to  (9.4  ±  2.1)  x  10®  m^/Hs  and 
t.  was  approximately  equal  to  770  ±  20  ss- 


value  of  923  m/s  for 
(0.28  i  0.07)  nH/m. 


Substituting  these  values  and  a 
into  Equation  (57)  yields  a  lower  bound  for  Li.,  of 


Because  of  the  large  uncertainty  in  the  lower 


bSuSd  for 


L'  ,  It  is  not  possible  to  compare  lower  bound  L'  ^  values  from  different 
firings . 


The  lower  bound  to 
because  Equation  (47)  with 


0  L'  .  IS  not  expected  to  be  much  less  than  L'  ^ 

L'  rSpIaced  by  L'  .  is  valid  for  most  of  a  RAPiS^ 
^  ®rr 
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firing.  Furcnctmore,  if  it  It  tttumtd  thtc  frictional  effects  in  a  raiigu.'-. 
are  negligible,  then  the  propelling  inductance  per  unit  length  is  close  to  toe 
lower  bound  for  the  effective  inductance  per  unit  length,  l.e.  the  value  for 
u'  IS  about  (0.2S  ±  0.01)  »H/tn.  Since  the  propelling  inductance  per  unit 
length  is  close  to  the  rail  inductance  per  unit  length  L',  a  value  of  (0.23  t 
0.07)  fH/m  for  L'  indicates  that  significant  diffusion  of  the  current  into  tr.e 
rails  has  occurred  and/or  that  retarding  effects  on  the  plasma-projectile 
system  are  significant.  However,  It  is  not  expected  that  significant 
diffusion  of  the  current  Into  the  rails  will  occur  in  a  RAPID  firing  Iioi, 
thereby  implying  that  retarding  affects  such  as  atmospheric  drag  and  friction 
due  to  the  rails  and  RAPID  gun-body  are  mainly  responsible  for  the  low  values 
of  the  effective  inductance  per  unit  length. 


C.3  Olacnaaloa  coBcaraliia  Ratardatloaal  Ef facta  and  tM  PacaaMtar 


A  basic  factor  appearing  in  rallgun  performance  calculations  is  the 
ratio  of  the  effective  Inductance  per  unit  length  to  the  combined  mass  of 

the  plasma-projectile  system,  m^  +  m_.  The  guestioX^Sf  the  constancy  of  the 
parameter  Leff/(m,  *  mp)  is  discussed  in  this  subsection.  it  should  be  noted 
that  If  the  parameter  !•*  constant,  then  Equations  (42)  to  (43) 

with  L'  replaced  by  Become  the  equations  describing  rallgun  performance 
in  the*^capacltlvely-drlven  stage  and  the  early  part  of  the  inductively-driven 
stage. 


Both  the  quadratic  and  cubic  curve  fits  presented  in  subsection 
are  better  fits  to  the  displacement-time  results  for  RP1P02  than  the  analysis 
presented  by  Bedford  (181,  who  has  argued  that  a  value  of  6.8  x  lO'^  H/icg  for 
L'  adequately  describes  the  displacement-time  curve  for  RPlPoi.  in 
susiectlon  S.S,  it  was  also  stated  that  the  experimental  data  for  the  rp:p 
series  were  not  sufficiently  accurate  to  differentiate  between  a  quadratic  an: 
a  cubic  displacement-time  curve  or  even  a  higher  order  curve.  A  physical 
argu.ment  was  presented  to  show  that  the  acceleration  predicted  by  the  cubic 
curve  would  be  more  consistent  with  the  expected  acceleration  for  t  >  160  ss 
than  the  acceleration  predicted  by  the  quadratic  curve.  However,  the 
argument  did  not  rule  out  the  possibility  that  higher  order  polynomials,  one 
applying  to  the  capacltlvely-drlven  stage  and  another  to  the  inductively- 
driven  stage  might  be  more  appropriate. 

If  Equat.Lon  (30)  la  sufficiently  accurate  to  describe  the 
displacement-time  results  of  a  rallgun  firing  for  t  >  160  ss,  then  the 
following  result  is  obtained  from  Equation  (56); 


“eff 


(m. 


2(6ajt  ♦  2bj) 

I(t>* 


(58) 


The  current  l(t)  behaves  as  a  damped  sinusoid  in  the  capacltlvely-drlven  stage 
and  an  exponentially-decaying  function  in  the  inductlvely-drlven  stage.  Thus 
Equation  (Sf>  demonstrates  that  the  parameter  a-  m  )  is  a  time-varyir.g 
function  with  values  ranging  from  2.o  x  io“*  to*7.3  x*l0“*^H/itg  for  RPIP02. 
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Furthermore,  elnce  the  mess  of  the  projectile  was  considerably  larger  than  the 
mass  of  the  foil  for  most  of  the  RPIF  firings,  much  of  the  time  variation 
in  should  be  due  to  I*',.-  A  time-varying  effective  inductance 

per  unit  length^means  that  the  propelling  inductance  per  unit  length  L'  is  ^ 
time-varying  and/or  that  retardatlonal  effects  are  not  proportional  to^I(t)^ 
alone. 


An  estimate  for  the  retardatlonal  force  f  acting  against  the  plasma- 
projectile  system  can  be  obtained  by  differentiating  Equation  (30)  twice  with 
respect  to  time  and  then  substituting  the  resulting  expression  for  the 
acceleration  into  Equation  (ll).  This  yields; 

f  -  i  -  2(m  *  m  )  (3a. t  +  b. )  (59) 

2  p  a  p  1  1 

The  cubic  displacement-time  curve  has  been  chosen  because  the  acceleration 
obtained  from  this  curve  decreases  for  t  >  iso  »s  from  shot-start  which  is 
expected  because  the  raligun  current  decreases  to  less  than  half  its  maximum, 
value  over  the  duration  of  a  RAPID  firing. 

For  RPIP02,  the  coefficients  a^  and  b.  are  given  in  Table  4  as 
(-1.5  ±  0.5)  X  10*  m/s^  and  (7.4  ±  0.6)  x  10®  m/s^  respectively.  Putting 
L'  ,  (m^  ♦  Bu)  and  I  equal  to  0.40  aH/m  136),  0.39  x  lo"®  leg  and  81  KA  yields 
a^value  of  (7.9  ±  0.7)  x  10^  H  for  f.  Putting  I  equal  to  so  XA  and  t  equal  to 
3.3  X  10^  aS  (see  Figure  4)  yields  a  value  of  (2.6  i  0.9)  x  lo^  N  for  f. 

These  results  indicate  that  retardatlonal  effects  are  not  only  significant  but 
that  they  also  decrease  over  the  duration  of  a  firing. 


To  confirm  the  behaviour  observed  in  the  previous  paragraph,  the  sa.r.e 
analysis  is  applied  to  another  successful  firing  RPIPOS.  The  coefficients  a, 
and  bj  are  given  in  Table  4  as  (-2.0  ♦  0.5)  x  10®  m/s®  and  (8.1  +  0.5)  x  lo®  ‘ 
m/s®  respectively.  Using  the  same  values  for  L'  and  (m.  +  m^)  and  putting  I 
equal  to  its  maximum  value  of  61  XA  yields  a  va^ue  of  (7.6  t  0.6)  x  10®  n  for 
f.  Putting  I  equal  to  60  XA  and  t  equal  to  3.3  x  10®  ^s  yields  a  value  of 
(2.4  ±  0.8)  X  10®  H  for  f,  thereby  confirming  the  behaviour  found  in  RPIP02. 


Since  the  retardatlonal  force  f  in  Equation  (59)  is  expected  to  be 
greater  than  zero.  It  follows  that 
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(60) 


Thus  to  fit  a  cubic  displacement-time  curve  to  experimental  data,  the  recorded 
current  I  must  be  greater  than  the  minimum  value  obtained  from  the  right  hand 
side  of  the  above  inequality.  This  minimum  value  occurs  when  t  1$  equal  to  t^ 
since  a^  and  bj  were  respectively  negative  and  positive  for  the  rpip  series. 


For  RP1P02,  t,  was  found  to  be  770  £  20  mt,  .  Putting  t,  a^  and  b. 
equal  to  790  ^s,  -1.5  x  10*  m/s®  and  7.4  x  10®  m/s®  respectively  and  using  the 
same  values  for  L’  and  (m,  *  m-)  as  before  yields  a  minimum  value  of  39  XA 
for  the  right  hand^slde  of  the  inequality.  However,  at  exit  the  recorded 
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current  i  was  found  to  be  34  KA  trigure  4).  (rnis  suggests  from  Equation  <59 
that  f  IS  negative.) 


It  could  perhaps  be  argued  that  a  different  cubic  displacement-ti.Te 
curve  i.nvolvlng  the  minimum  values  for  a^  and  b^  in  Table  4  should  be  used  in 
order  to  obtain  lower  values  for  the  right  hand  side  of  the  inequality  at 
t-t^.  That  is,  a^  and  b^  should  equal  -2.0  x  lO*  m/s^  and  c.s  x  lo^  m/s^ 
with  c^  and  d^  equal  to  their  largest  possible  values  of  10.7  x  lO^  m/s  and 
-1.9  X  io~^  mm  respectively.  Although  these  values  yield  a  minimum  value  of 
29  kA  for  t  •  790  ss,  the  dlsplacesient  using  this  curve  is  found  to  be 
4.1  X  10^  mm,  which  Is  about  40  nsi  below  the  actual  displacement  at  shot- 
out.  Hence  the  cubic  displacement-time  curve  given  by  the  alternative  values 
for  a^,  bj,  c,  and  dj  does  not  fit  the  experimental  displacement-time  data 
accurately  and  therefore  cannot  be  used  to  describe  rallgun  performance  for 
RPIP02.  Thus  It  is  most  likely  that  the  minimum  value  of  39  kA  obtained  for 
the  right  hand  side  of  the  inequality  is  correct,  it  should  be  noted  that 
using  the  quadratic  displacement-time  curve  for  IIPIP02  yields  a  higher  minimur. 
value  for  the  right  hand  side  of  the  inequality  (*-47  kA> . 

Three  explanations  can  be  given  for  the  recorded  current  falling 
below  the  minimum  value  obtained  for  the  right  hand  side  of  the  inequality. 

The  first,  which  may  only  be  a  partial  explanation,  is  that  the  current-time 
records  were  not  calibrated  correctly.  A  second  explanation  is  that  the  L'  - 
values  considered  in  this  subsection  were  not  high  enough.  It  has  been  ^ 
assumed  here  that  Lp  is  closely  equal  to  l' ,  which  is  believed  to  be  about 
0.40  sH/m  for  a  RAPID  rallgun  according  to  Reference  (3C1.  Higher  values  fcr 
L'  would  Imply  that  the  estimates  for  the  retardatlonal  force  f  were  greater 
than  the  estimates  obtained  earlier.  The  third  explanation  is  that  there  may 
be  an  additional  term  propelling  the  plasma-projectile  system,  which  might  be 
due  to  the  explosion  of  the  metallic  foil. 


7.  ARCIHG  AHEAP  OF  THE  PROJECTILE 


In  this  section  the  phenomenon  of  arcing  ahead  of  the  projectile  is 
studied  to  understand  its  effect  on  rallgun  performance.  An  example  of  a 
runaway  arc  Is  shown  In  Figure  13.  In  this  figure  it  can  be  seen  that  the 
runaway  arc  increases  Its  length  during  acceleration  whereas  the  length  of  the 
plasma  armature  immediately  behind  the  projectile  decreases,  once  the  runaway 
has  made  its  exit,  which  occurs  in  this  example  about  0.3  ms  after  shot-start, 
the  length  of  the  plasma  armature  increases  suddenly,  in  addition,  it  should 
be  noted  that  arcing  ahead  of  the  projectile  was  more  likely  to  occur  when  the 
lighter  pieces  of  foil  were  used  to  generate  the  plasma  armature. 


An  explanation  for  the  behaviour  described  in  the  previous  paragraph 
is  as  follows.  If  the  current  in,  and  resistance  of,  the  plasma  armature  are 
given  by  Ij  and  R,  respectively,  then  the  potential  difference  across  the 
plasma  is  R^lj-  If  the  current  passing  through  the  runaway  arc  is  given  by 
Ij,  then  the  potential  difference  across  it  will  be  R^lj  where  R^  is  the 
resistance  of  the  runaway  arc.  By  applying  Kirchhoff’s  law,  the  following 
equation  is  obtained: 
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where  Xj  and  x^  are  the  displacements  of  the  runaway  arc  and  plasma-pco:ectile 
system  respectively.  In  obtaining  equation  (ci)  it  has  been  assumed  that  the 
total  electrode  potential  difference  of  the  plasma  armature  is  approximately 
equal  to  the  total  electrode  potential  difference  of  the  runaway  arc. 

The  various  terms  in  equation  (Cl)  are  now  examined  to  see  if  a  simpler  form 
IS  permissible. 


To  show  that  the  Inductive  term  in  Equation  (ei)  does  not  domi.hate, 
this  term  Is  evaluated  when  it  is  expected  to  be  greatest,  i.e.  when  the 
runaway  arc  has  reached  the  muzzle,  in  many  of  the  rpip  firings  with  arcing 
ahead  of  the  projectile,  the  runaway  arc  had  reached  the  muzzle  during  the 
early  part  of  the  inductively-drlven  stage.  Assuming  that  the  runaway  arc  was 
created  soon  after  shot-start,  an  estimate  for  the  maximum  average  race  of 
change  of  Ij  can  be  obtained  by  dividing  the  total  rallgun  current  at  exit  of 
the  runaway  arc  by  the  llfe-time  of  the  runaway  arc  at.  For  At  <  t  ,  dl  /dt 
can  be  approximated  by  l^  exp(-R  t/2L  )  sin((L  C)~  t)/At  and  for  Ac^>  t 

which  applies  to  RPiPi9,'''di2/dc  can  be  approximated  by  i  exp  (t  -  at) /at. 
Thus  for  at  >  C  ,  the  induced  emf  e  given  by  the  inductive  term  fn  equation 
(61)  can  be  written  as: 


e  >  l'  ((Vj  -  Vj)  Ij 


(x,  -  x, )  I  exp  (t  -  at) /At) 
2  1  0  c 


(62  ' 


Where  Vj  and  Vj  are  respectively  the  velocities  of  the  runaway  arc  and  plasma 
armature.  Thus  to  show  that  the  right  hand  side  of  equation  (62)  is  not 
significant,  estimates  for  the  exit  velocity  of  the  runaway  arc  and  for  the 
displacement  and  velocity  of  the  plasma  projectile  system  ace  required. 

Using  Che  screax  photograph  for  RPIP19.  the  values  of  v^,  v. ,  at 
and  x^  were  found  Co  be  about  2.S  k^s,  4.7  x  10^  m/s,  0.30  ms  and  9o‘mm 
respectively.  Therefore  using  values  of  7.9  x  lO"*  s  and  0.40  itH/m  for  t  and 
L’,  Che  induced  emf  e  is  approximately  equal  to  9.2  x  io~*  ij  *  9.6  x  io~^. 

The  value  of  9.6  x  io~^  can  be  neglected  since  values  of  ij  are  expected  to 
exceed  10^  A.  The  value  of  9.2  x  10'*  Is  an  equivalent  resistance  arising 
from  the  Inductive  term  in  Equation  (61)  and  is  almost  an  order  of  magnitude 
lower  than  the  clcult  resistance  given  in  Table  3  for  RPIP19. 


To  show  that  resistive  effects  due  to  the  rails  are  not  significant 
in  Equation  (61),  the  resistance  R  (Xj  -  Xj)  must  be  evaluated.  The 
resistance  per  unit  length  of  a  pair  of  rails  is  given  by; 


R' 


S  ,  ,  /A 
rail 


(63) 


Where  «  <1  average  resistivity  of  the  rail,  material  and  A  is  the 

cross-sSHlonal  area  of  the  rails,  in  Equation  (63)  it  has  been  assumed  that 
Che  current  has  fully  penetrated  the  rails,  which  may  not  be  valid  for  a  RAp:3 
rallgun  (ii).  The  resistivity  of  the  rail  material  used  in  the  RPIP  series 
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was  approximately  2.5  x  io~*  Om  while  the  croaa-aectlonal  area  was  about 
i.s  X  10“^  m^.  Hence  R‘  is  about  3.1  x  io~*  #m“' .  Since  the  value  for  the 
displacement  between  the  runaway  arc  on  exit  and  the  plasma-projectile  system 
In  Figure  13  is  about  a.3fi  m,  the  estimated  resistance  due  to  the  resistivity 
of  the  rails  in  Equation  (61)  la  approximately  l.i  x  10~*  S,  which  is  also  an 
order  of  magnitude  lower  than  the  total  resistance  of  the  raiigun  circuit. 


Using  the  values  derived  above.  Equation  (61)  at  the  exit  of  the 
runaway  arc  becomes: 


*  1.0  X  lo'^  Ij  (64) 

In  order  to  show  that  the  second  term  on  the  right  hand  side  of  Equation  (64) 
does  not  dominate  the  first  term  on  that  side,  an  estimate  for  the  resistance 
of  the  runaway  arc  R^  la  required. 

The  required  estimate  can  be  made  by  using  the  muzzle  voltage  record 
for  RPIP19  shown  in  Figure  16.  Here  the  voltage  decreases  only  marginally 
throughout  the  firing  except  when  the  runaway  arc  leaves  the  railgun  about  0.3 
ms  after  shot-start.  The  exit  of  the  runaway  arc  toolc  about  o.is  ms.  Prior 

to  the  exit  of  the  runaway  arc,  the  average  muzzle  voltage  was  about  no  v. 

According  to  Reference  (12),  the  cathode  electrode  drop  is  about  7.5  v  while 
that  for  the  anode  may  range  from  o  to  7  v.  Therefore,  allowing  15  v  for  the 
total  electrode  potential  drop  yields  a  value  of  about  155  v  for  the  potential 
difference  across  the  runaway  arc.  Since  the  maximum  current  in  the  rpip 
series  was  81  ±  6  HA,  the  minimum  resistance  across  the  runaway  arc  is  found 
to  be  1.9  ±  0.2  ma.  Hence  the  second  term  on  the  right  hand  side  of  Equation 

(64)  is  a  factor  of  almost  2  to  2.5  less  than  the  first  term,  in  Equation 

(61),  If  <  is  equal  to  the  ratio  of  the  voltage  due  to  the  rails  to  the 
potential  across  the  runaway  arc,  then  Equation  (64)  becomes; 

R  1  =  (1  +  •)  R  1,  (65) 

a  1  r  2 

where  <  varies  between  o  and  0.5  corresponding  respectively  to  tne  creation 
and  ejection  of  the  runaway  arc.  Thus  the  contributions  due  to  the  rails  in 
Equation  (61)  have  only  a  marginal  effect. 

The  resistances  of  the  plasma  armature  and  runaway  arc  are  given  by 
Equation  (28).  Using  the  appropriate  forms  of  Equation  (28)  for  R.  and  R. 
glves;  * 


1 

a 


(l4.i) 


Vi 

’a'r 


(66) 


Where  «  and  1^  ace  the  average  resistivity  and  length  of  the  plasma  armature 
respectively.  The  subscript  'r'  denotes  the  same  physical  quantities  for  the 
runaway  arc. 


Because  the  total  railgun  current  is  equal  to  i^  +  Ij  and  does  not 
vary  significantly  over  the  llfe-time  of  the  runaway  arc,  a  sudden  decrease 
in  Ij  means  an  increase  in  Ij-  If  the  ratio  of  the  two  resistivities  in 
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Equation  (6S)  is  assumed  not  to  vary  significantly,  i.e.  the  density  and 
temperature  of  both  the  runaway  arc  and  plasma  armature  do  not  vary  greatly 
over  the  life-time  of  the  runaway  arc,  then  it  follows  from  Equation  (66>  that 
as'  decreases,  and  Ij  increases,  the  length  of  the  plasma  armature  1 
decreases  and  the  length  of  the  runaway  arc  Increases.  This  is  the  bihaviour 
observed  on  the  streak  record  for  RPIPig  and  confirms  that  the  first  term  on 
the  right  hand  side  of  Equation  <61)  dominates  the  second  term.  Thus  the 
length  of  the  runaway  arc  increases  during  acceleration  because  a  greater 
amount  of  the  total  railgun  current  is  being  continually  drawn  away  from  the 
plasma  armature  by  the  runaway  arc.  Hence,  the  electrical  conductivity  of 
the  runaway  arc  is  higher  than  the  electrical  conductivity  of  the  plasma 
armature,  which  occurs  as  a  result  of  the  runaway  arc's  lower  density.  The 
density  of  the  plasma  armature  la  greater  than  that  of  the  runaway  arc  because 
the  plasma  armature  is  being  impeded  by  the  projectile.  As  decreases,  the 
propelling  force  on  the  plasma-projectile  system  decreases  and  railgun 
performance  is  affected.  The  behaviour  described  in  this  paragraph  means  that 
when  arcing  occurs  ahead  of  the  projectile,  it  is  not  valid  to  assume  that  a 
constant  fraction  of  the  total  current  is  drawn  by  the  runaway  arc  as  was  done 
in  the  para  code. 


After  the  runaway  arc  has  left  the  railgun,  the  current  passing 
through  the  plasma  armature  increases  suddenly.  The  muzzle  voltage  reverts  to 
its  previous  value  and  hence  the  new  ratio  of  the  current  passing  through  the 
plasma  armature  to  the  plasma  length  will  equal  approximately  the  value  obtai.'.sd 
from  either  side  of  Equation  (C6).  Thus  the  sudden  increase  in  current 
passing  through  the  plasma  armature  causes  a  sudden  increase  in  plasma  length, 
which  la  shown  in  Figure  is. 


A  comparison  of  the  projectile  exit-velocities  for  RPIP02  and  RPIP12 
with  that  for  RPIPI9  can  be  made  since  the  same  gun-body  and  aluminium  foil 
masses  were  used  in  all  three  firings.  The  comparison  is  particularly  useful 
because  it  provides  an  indication  of  the  effect  that  arcing  ahead  of  the 
projectile  has  on  railgun  performance,  bearing  in  mind  that  there  was  little 
leakage  and  no  plasma  disruption  on  the  streak  records  for  RPIP02  and  RPIP12. 


Since  the  exit  velocity  for  RPIP02  was  about  the  same  as  that  for 
RPIP12  and  was  measured  as  923  m/s,  the  kinetic  energy  of  the  projectile  on 
exit  was  approximately  l«  J.  The  kinetic  energy  of  the  projectile  on  exit 
for  RPIP19  was  about  99  J.  Thus  arcing  ahead  of  the  projectile  has  resulted 
in  a  409  reduction  in  the  projectile's  kinetic  energy. 


The  results  presented  in  this  section  are  new  used  to  obtain  an 
estimate  of  the  runaway  arc’s  mass  and  density  on  exit.  if  it  is  assumed 
that  when  arcing  occurs  ahead  of  the  projectile,  a  negligible  amount  of  energy 
is  lost  in  the  rails  due  to  the  current  ahead  of  the  projectile,  then  the 
difference  in  the  kinetic  energies  between  RPIP02  and  RPIP19  can  be  used  as  a 
guide  to  the  kinetic  energy  of  the  runaway  arc.  Although  energy  is  lost  due 
to  ohmic  heating  in  the  rails,  the  estimate  for  the  runaway  arc’s  mass 
determined  in  this  manner  win  be  an  upper  bound.  Since  the  velocity  of  the 
runaway  arc  was  found  to  be  2.8  km/s  on  exit,  the  m^ss  of  the  runaway  arc  will 
not  be  greater  than  i.(  x  io~^  g,  which  is  the  same  order  of  magnitude  as  the 
mass  of  the  aluminium  foil  used  in  all  three  experiments  0.012  g) .  The 
volume  of  the  runaway  arc  on  exit  was  approximately  S.6  x  10^  mm^.  Thus  the 
density  of  the  runaway  arc  is  about  3.9  kg/m^  for  a  mass  of  i.c  x  io~^  g. 
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Thl3  indicates  that  the  density  of  a  runaway  arc  can  be  a  factor  of  2.5  less 
than  the  density  of  the  plasma  armature. 


B.  DISCUSSION  OF  RESULTS 


In  this  section  some  of  the  aims  of  the  RPIP  series  listed  in 
Section  3  are  discussed. 


a.l  Pmcfotaance  Maulta 

In  the  RPIP  series,  it  was  possible  to  photograph  events  during 
firings  by  using  the  transparent  gun-body  known  as  RAPID.  Although  two  types 
of  photograph  were  taken  in  the  series,  it  was  found  that  the  streak 
photographs  were  more  useful  than  the  framing  photographs  because  projectile 
displacements  and  plasma  lengths  could  be  obtained  from  the  streak  photographs . 
The  only  useful  information  obtained  from  the  framing  photographs  was  that  pias.T.a 
leakage  occurred  in  every  RPIP  firing.  Plasma  leakage  did  not  appear  on  all 
streak  photographs  because  the  neutral  density  filter  on  the  streak  camera 
accepted  a  narrower  range  of  light  than  the  filter  on  the  framing  camera. 


The  analysis  presented  in  subsection  5.5  indicates  that  either  a 
quadratic  or  a  cubic  displacement-time  curve  can  satisfactorily  describe  the 
displacement-time  data  within  experimental  error.  The  results  in  Table  4 
show  that  the  acceleration  obtained  from  the  quadratic  displacement-time  curve 
ranged  from  («.S  ±  0.2)  x  lo*  m/s*  for  RPIPIO  to  (11.2  ±  o.S)  x  10*  m/s^  for 
RPIPa2.  Lower  values  for  the  acceleration  were  mainly  due  to  arcing 
occurring  ahead  of  the  projectile. 


Although  the  displacement-time  data  were  more  accurate  and  numerous 
than  those  previously  obtained  using  position  colls  is),  it  was  not  possible 
to  distinguish  whether  the  data  followed  a  quadratic  or  a  higher  order 
displacement-time  curve  even  allowing  for  the  uncertainties  In  the 
coefficients.  In  order  to  find  which  curve-fits  are  appropriate  for  the 
capacltlvely-drlven  stage  and  for  the  inductlvely-drlven  stage,  the 
displacement-time  data  must  be  more  accurate  than  the  data  presented  in  this 
report.  Only  then  will  differentiation  of  the  displacement-time  curves  or 
evaluation  of  central  differences  of  the  displacement-time  data  give 
sufficiently  accurate  information  concerning  the  velocity-time  profile  of  the 
plasma-projectile  system  in  a  rallgun.  The  displacement  data  can  be  made 
more  accurate  by  considering  greater  enlargements  of  the  streak  film  and  by 
placing  position  markers  at  various  positions  along  the  gun  barrel.  Errors 
or  uncertainties  in  the  time  data  could  perhaps  be  reduced  by  having  detectors 
such  as  breakwires  placed  close  to  the  initial  position  of  the  projectile  and 
at  various  positions  along  the  gun-barrel. 


• .  2  AneaMleiie  ECf eeta 


The  three  anomalous  effects  of  plasma  leakage,  arcing  ahead  of  the 
projectile  and  plasma  disruption  overshadowed  any  possible  effects  due  to 
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particular  types  and  masses  of  foil.  The  first  two  effects  can  have  a 
substantial  effect  on  rallgun  performance.  ror  instance,  the  velocity 
between  the  lead-break  and  the  breakscreen  for  RPIPOl,  whlcn  was  a  firing  witn 
mich  plasma  leakage,  was  found  to  be  742  m/s.  The  corresponding  velocity  for 
RPIP02  (the  most  successful  firing  in  the  RPIP  series)  was  found  to  be 
860  m/s.  Thus  a  25  percent  reduction  In  kinetic  energy  of  the  projectile  can 
occur  due  to  plasma  leakage.  In  RPIPIS,  which  had  arcing  ahead  of  the 
projectile,  the  flash-to-beam  velocity  was  731  m/s  compared  with  923  m/s  for 
RPIP02.  Thus  a  40  percent  reduction  in  the  kinetic  energy  of  the  projectile 
can  occur  due  to  arcing  ahead  of  the  projectile.  In  RPIP15,  which  had  one  of 
the  longest  periods  of  plasma  disruption  lasting  about  0.25  ms,  the  flash-to- 
beam  velocity  was  found  to  be  880  m/s.  This  corresponded  to  a  lo  percent 
reduction  in  the  kinetic  energy  of  the  projectile  compared  with  RPIP02,  assuming 
that  the  mass  and  type  of  foil  had  a  negligible  effect  on  performance. 

As  mentioned  earlier,  the  three  anosialous  effects  could  be  detected  on 
the  muzzle  and  breech  voltage  records.  Plasma  disruption  was  characterized  by 
sudden  fluctuations  appearing  on  the  records  whereas  noisiness  on  the  records 
corresponded  to  plasma  leakage.  A  sharp  peak  appearing  prematurely  before 
shot-out  on  the  voltage  records  meant  that  a  runaway  arc  had  been  ejected  from 
the  rallgun. 


Plasma  leakage  and  runaway  arcs  could  also  be  detected  on  the  tlme- 
of-arrlval  records  and  were  responsible  for  many  of  the  dubious  flash-to-beam 
velocity  results  appearing  In  the  second  column  of  Table  2.  Plasma  leakage 
was  responsible  for  producing  high  flash-to-beam  velocities  such  as  those  for 
RPiPOl  and  RPIP13  and  also  for  producing  low  velocities,  e.g.  RPIPU.  in 
firings  with  much  plasma  leakage.  It  was  difficult  to  decide  when  the 
projectile  had  left  the  rallgun  on  the  tlme-of-arrlval  records  because  the 
flbre-optlc  probe  did  not  trigger  properly.  When  a  runaway  arc  Is  ejected,  an 
early  triggering  of  the  flbre-optlc  probe  occurs,  thus  leading  to  low  flash- 
to-beam  velocities  being  recorded  for  RPIPIO,  RPIP2S  and  RPIP26. 

Although  plasma  leakage  occurred  in  all  of  the  RPIP  firings,  its 
effect  on  rallgun  performance  was  most  noticeable  in  rpipoi  and  RPIP26.  Thus 
arcing  ahead  of  the  projectile,  which  occurred  In  lo  of  the  26  firings,  was 
the  most  serious  of  the  three  anomalous  effects  because  of  Its  frequency  and 
greater  effect  on  rallgun  performance. 


Arcing  probably  occurs  ahead  of  the  projectile  when  a  sufficient 
amount  of  plasma  leaks  past  the  projectile  and  enables  current  to  be  drawn 
away  from  the  plasma  armature.  Because  the  RAPID  gun-bodies  of  the  rpip 
series  had  been  used  extensively  in  previous  firings,  material  ablated  from 
the  gun-bodies,  particularly  near  the  projectile's  Initial  position,  resulted 
In  poor  obturation.  To  stop  the  anomalous  effects  from  occurring,  rallgun 
firings  should  be  done  with  new  gun-bodies. 


•.3  Effect  of  Foil  Mass  and  Typo  on  Eallgim  Forfozaance 

As  mentioned  In  Section  2,  one  of  the  predictions  of  the  PARA  code 
is  that  rallgun  performance  Is  greatly  affected  by  variations  in  the  mass  of 
the  metallic  foil  used  to  generate  the  plasma  armature.  Although  the  foil 
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mass  varied  by  a  factor  of  25  In  Che  RPIP  series,  Che  projectile  exlt- 
veloclCles  did  not  vary  in  the  manner  predicted  by  Richardson  and  Marshall 
14).  Richardson  and  Marshall  found  Chat  If  the  masses  of  Che  aluminium  foil 
were  0.0104  and  0.03«  g.  then  the  projectile  exlt-velocltles  predicted  by  the 
PARA  code  were  about  aoo  m/s  and  1225  m/s  respectively  uslnq  similar 
electrical  Input  energies  to  those  used  in  the  RPIP  series.  in  the  RPIP 
series  the  projectile  exit-velocities  for  RPIP02  and  RPIP12  were  similar  but 
Che  masses  of  the  aluminium  foil  were  O.OllO  and  O.OSIS  g  respectively.  The 
projectile  exit  velocities  for  RPIP04  and  RPiPie  did  not  differ  greatly  (see 
Table  2),  though  the  masses  of  zinc  foil  used  in  RPIP04  and  RPiPis  were  0.0422 
and  0.2006  q  respectively.  Similarly,  the  projectile  exit  velocities  for 
RPIP06  and  RPIP21  did  not  differ  greatly,  though  the  masses  of  copper  foil 
Were  0.047S  and  0.1972  g  respectively.  Therefore,  the  experimental  results 
Indicate  tnac  Che  foil  mass  does  not  affect  rallgun  performance  significantly 
for  the  range  of  masses  considered  in  the  RPIP  series.  The  results  also 
indicate  that  the  foil  type  may  have  little  effect  on  rallgun  performance 
although  only  three  different  types  of  metallic  foil  were  used  in  the  RPip 
series . 


Many  of  the  breech  and  muzzle  voltage  records  were  different, 
particularly  early  In  the  firings.  However,  it  was  not  possible  to  correlate 
foil  mass  or  type  with  observed  behaviour.  In  the  analysis  of  the  current¬ 
time  records,  different  values  for  the  time  constant  and  resistance  of  the 
rallgun  circuit  were  found,  but  again  these  values  could  not  be  correlated 
with  any  specific  foil  mass  or  type. 


9.  COHCLJSION 


In  this  report  the  experimental  results  of  the  RPIP  series  have  bee.-, 
presented,  analysed  and  shown  to  be  consistent  with  much  of  the  theoretical 
material  presented  in  this  report.  in  addition,  comparisons  with  the 
theoretical  predictions  of  the  PARA  code  have  indicated  some  of  the  wea)cnesses 
of  the  code.  It  has  been  shown  that  rallgun  performance  and  plasma  length 
behaviour  are  not  accurately  predicted  by  the  PARA  code. 


The  analysis  of  the  current-time  records  has  shown  that  in  the 
capacltlvely-driven  stage  the  rallgun  current  is  described  by  an 
exponentially-damped  sinusoid  whereas  in  the  inductively-driven  stage  the 
current  decayed  exponentially.  It  has  also  been  found  in  the  late  part  of 
the  inductively-drlven  stage  that  the  time  constant  of  the  rallgun  circuit  did 
not  remain  constant.  Much  of  this  behaviour  was  attributed  to  the  plasma 
resistance  beginning  to  Increase  a  few  hundred  microseconds  after  crowbarcing 
of  the  capacitor  bank.  It  has  also  been  revealed  that  a  27%  energy 
difference  existed  between  the  energy  in  the  rallgun  at  peak  current  and  the 
initial  input  energy.  Two  possibilities  are  cited  for  the  cause  of  this 
energy  difference.  The  first  is  that  the  calibration  factor  used  to 
determine  values  of  the  rallgun  current  could  have  been  erroneous  and  the 
second  is  that  generating  a  plasma  armature  by  exploding  a  metallic  foil  may 
requite  more  energy  than  that  estimated  in  Subsection  5.2. 
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Many  more  displacement-time  data  were  obtained  from  tne  streak 
photographs  than  previously  acquired  by  position  coils.  This  enabled  a 
curve-fitting  analysis  to  be  undertaken.  Although  accurate  curve-fits  were 
obtained,  the  displacement-time  data  were  not  sufficiently  accurate  to 
determine  the  order  of  the  polynomial  most  appropriate  for  describing  railgir. 
perfor.mance.  However,  all  the  curves  presented  in  Table  4  provided  estimates 
for  railgun  performance.  The  uncertainties  appearing  in  the  coefficients  of 
the  curves  mean  that  many  similar  curves  are  capable  of  fitting  the 
displacement-time  data. 

Three  anomalous  effects,  namely  plasma  leakage,  arcing  ahead  of  the 
projectile  and  plasma  disruption,  occurred  frequently  throughout  the  RPIP 
series.  Each  of  these  effects  influenced  railgun  performance,  the  most 
serious  being  arcing  ahead  of  the  projectile.  This  effect  was  capable  of  reduci.-.g 
the  projectile's  kinetic  energy  on  exit  by  an  estimated  40  percent.  The 
occurrence  of  each  effect  could  also  be  detected  on  the  breech  and  muzzle 
voltage  records  but  not  on  the  current-time  records.  Plasma  leakage  and 
arcing  ahead  of  the  projectile  probably  occurred  because  of  the  poor 
obturation  of  the  RAPID  gun-bodies. 

Microdensitometer  readings  of  the  streak  film  yielded  light 
intensity-profiles  of  the  plasma  armature.  The  intensity-profiles  could  not 
be  calibrated  to  give  plasma  temperature  estimates.  However  from  these 
profiles,  it  was  found  that  the  plasma  length  was  mostly  between  25  and  45  mm, 
when  the  three  effects  described  in  the  last  paragraph  were  negligible. 

Since  the  muzzle  voltage  was  steady,  or  decreased  marginally,  in  a 
firing  with  a  well-behaved  plasma  armature,  the  average  plasma  temperature 
could  be  found  by  using  the  plasma  length  estimates  and  the  spitzer  formula 
for  the  plasma  resistivity.  Assuming  that  the  plasma  armature  was  first- 
ionised,  the  average  plasma  temperature  was  estimated  to  be  around  i.s  x  K 
reaching  a  maximum  value  around  2.6  x  iO*  K.  it  is  unlikely  that  the  plasma 
temperature  reached  2.6  x  lo^  X  because  assuming  the  plasma  behaved  as  a 
black-body  only  yielded  a  maximum  temperature  of  (2.1  ±  0.1)  x  lO^  K.  These 
temperature  estimates  are  considerably  lower  than  the  temperatures  computed  by 
Powell  and  Batteh  (16-19).  A  computer  code  developed  by  xovitya  (18,281  was 
also  used  to  verify  the  low  temperature  estimates  and  yielded  plasma 
temperatures  of  1.7  x  10^  and  2.0  x  lo*  K  at  pressures  of  0.4  x  lo^  and  2.4  x 
10^  atm.  respectively  for  a  railgun  current  of  66  kA,  For  a  railgun  current 
of  34  kA,  the  plasma  temperatures  at  pressures  of  0.4  x  lo^  and  2.4  x  lO^  atm. 
were  found  to  be  1.3  x  lO^  and  1.4  x  lo*  K  respectively. 

The  analysis  presented  in  this  report  has  highlighted  two  major 
problem  areas  with  regard  to  the  viability  of  electromagnetic  launchers. 

Firstly,  even  if  retardatlonal  effects  ace  neglected  in  a  RAPID  railgun,  the 
upper  bound  for  the  exit  velocity  of  the  projectile  is  found  to  be  2.i  ± 

0.5  km/s,  which  corresponds  to  an  efficiency  of  2-3  percent.  When  retardationa: 
effects  are  considered,  the  efficiency  decreases  significantly.  The  highest 
exit  velocity  measured  in  the  RPIP  series  was  just  below  i.o  x  lO^  m/s.  Thus 
retardatlonal  effects  may  be  responsible  for  about  a  70  percent  reduction  in  the 
efficiency,  assuming  current  diffusion  into  the  rai.s  is  negligible. 
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Besides  retardacional  effects,  there  are  many  other  factors 
affecting  raiigun  efficiency.  An  increase  in  efficiency  is  achieved  by 
increasing  the  time  constant  f  of  the  railgun  circuit.  Thus  a  decrease  in 
or  an  increase  in  is  desirable.  Although  low  values  ranging  from  ^ 
to  10  mS  were  obtained  for  the  RAPID  railgun  resistance,  these  values  were 
not  low  enough  to  produce  large  values  for  the  time  constant,  which  ranged 
from  7  X  io~*  to  9  X  lo”^  a.  In  addition,  the  efficiency  increases  with  the 
propelling  inductance  per  unit  length  (l,‘ )  and  the  peak  current,  increasing 
the  current  density  in  the  plasma  armatule  will  produce  larger  values  for  L' 
as  well  as  increasing  the  magnetic  field  contribution  due  to  the  rails.  The^ 
peak  current  can  be  increased  by  extending  the  capabilities  of  the  power 
source.  Finally,  a  more  efficient  transfer  of  the  initial  storage  energy  to  the 
storage  inductor  results  in  increased  railgun  efficiency.  All  the  factors 
mentioned  in  this  paragraph  affect  the  design  of  raiiguns. 

The  second  problem  area  with  regard  to  the  viability  of 
electromagnetic  launchers  is  rail  damage.  In  the  RPIP  series,  the  rail 
damage  was  so  serious  that  the  rails  had  to  be  replaced  after  each  firing. 

The  two  different  forms  of  surface  degradation  on  the  inner  rail  surface  were 
melting  of  the  rails,  which  occurred  principally  in  the  early  stage  of  a 
firing  and  arc  streaks,  which  appeared  on  the  rails  later  in  a  firing.  The 
more  serious  form  of  damage  was  melting  and  as  a  means  of  overcoming  the 
severity  of  this  problem  it  is  suggested,  based  on  Subsection  5.9,  that  a 
projectile  moving  with  an  initial  velocity  of  at  least  700  m/s  should  be 
injected  into  a  RAPID  railgun. 

It  was  found  that  the  mass  and  type  of  plasma-initiating  foil  did 
not  have  the  significant  effect  on  railgun  performance  predicted  by  the  para 
code.  Although  diagnostic  measurements  were  different  from  shot  to  shot, 
these  differences  could  not  be  correlated  with  a  specific  mass  or  type  of 
plasma-initiating  foil. 
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TABLE  1 


Observations  from  the  streak  Photographs  of  the  RPIP  series 


RPIP  Shot 

Type  and  Mass 
of  Foil  Used 

Gunbody 
Used  ( No . ) 

Runaway 

Produced 

Plasma 

Leakage 

Plasma 

Breakup 

1 

Al,  0.0117  g 

2 

No 

Yes 

Yes 

2 

Al,  0.0117  g 

1 

No 

No 

No 

3 

Zn,  0.0422  g 

2 

Yes 

NO 

Yes 

4 

zn,  0.0422  g 

1 

No 

No 

No 

5 

cu,  0.0510  g 

2 

No 

NO 

No 

6 

CU,  0.0475  g 

1 

No 

No 

No 

7 

zn.  0.0083  g 

2 

Yes 

NO 

No 

8 

Zn.  0.0086  g 

1 

Yes 

No 

NO 

9 

cu.  0.0127  g 
(0.009  g  more  likely) 

1 

No 

Yes 

No 

10 

Cu.  0.0079  g 
( 0 .009  g  more  likely) 

2 

Yes 

Yes 

NO 

11 

Al.  0.0612  g 

2 

No 

No 

Yes 

12 

Al.  0.0615  g 

1 

No 

No 

Yes 

13 

zn.  0.2126  g 

2 

No 

Yes 

Yes 

14 

cu.  0.1976  g 

2 

No 

Streak  film  lost 

15 

Cu.  0.1960  g 

1 

No 

No 

Yes 

16 

zn,  0.2006  g 

2 

No 

No 

Yes 

17 

Al,  0.0025  g 

1 

Yes 

NO 

No 

18 

Al,  0.0024  g 

2 

Yes 

NO 

No 

19 

Al,  0.0122  g 

1 

Yes 

NO 

No 

20 

Al,  0.0120  g 

2 

Yes 

No 

No 

21 

cu,  0.1972  g 

1 

(Reversed) 

No 

No 

Yes 

22 

Zn,  0.0082  g 

2 

(Reversed) 

No 

Yes 

No 

23 

cu,  0.0069  g 

1 

(Reversed) 

Streak 

photograph  poor 

24 

Al,  0.0024  g 

2 

(Reversed) 

,  No  streaK  photograph 
poor 

25 

Al,  0.0118  g 

1 

(Reversed) 

Yes 

Yes 

Streak 

Incomplete 

26 

cu,  0.0088  g 

2 

(Reversed) 

Yes 

Yes 

No 

TABLE  2 


Exit  velocities  foe  the  rpip  series 


Shot 

R»I? 

rinnh/BooB 

(■/«) 

(■/s) 

Br99k/f9nd 

(■/•) 

Mob/ Pond 

(B/a) 

Pond 

(B/a) 

CoBBeata 

Midpoint 

froB  Ausilo 

19  CM 

39.2  C« 

101.3  cm 

99  cm 

1 

1304* 

779 

742 

— 

Very  aBall  Buxzzla  flash. 

No  panduluB  trace 

2 

923 

970* 

990 

595 

3 

423'*’ 

929* 

750 

499 

Early  Buzzle  flash 

4 

944* 

979* 

991 

919 

Poor  Bustle  flash 

S 

... 

733 

2»0* 

No  definite  suzzle  flash. 

Two  holes  In  the  pendulum 
Missed  pencil  lead 

« 

999 

— 

— 

941 

902 

Missed  pencil  lead.  Two 
holes  In  pendulum 

7 

999 

— 

— 

575 

3.1* 

Missed  pencil  lead.  Two 

Buszie  flashes 

S 

702 

902 

991 

404 

Two  Buzzle  flashes 

9 

— 

— 

— 

552 

No  data 

10 

319* 

979* 

713 

499 

Early  Buzzle  flash. 

Possible  f ragBentstion 

of  projectile 

11 

♦ 

405 

993* 

773 

499 

Early  and  weak  Buzzle 
flash.  FrapBSnted 

projectile 

12 

920 

949 

939 

909 

Two  Buzzie  flashes 

13 

1349* 

739 

— 

— 

Two  Buztle  tisshes. 

14 

992 

799 

793 

591 

19 

990 

940 

933 

923* 

19 

992 

949 

939 

909 

Possible  frafBentation 

17 

799 

709 

994 

474 

Two  Bussle  fleshes. 

Pregmentation  (2  holes 

In  pendulum) 

nau  2 

( continued ) 


Shot 

KfXI 

riaah/BcM 

{>/•) 

••M/Br99k 

(«/sl 

Br99k/>«ad 

(d/sl 

(a/a) 

Band 

(B/«) 

Coaaaata 

!• 

719 

990 

— 

493 

ragiatar 

19 

731 

— 

— 

911* 

439 

Tvo  amaia  flaahta. 

Miaaad  poncil  load 

20 

999 

910 

999 

411 

tve  Bttsil*  flaahaa 

21 

993 

992 

999 

730* 

Harkar  pan  not  raliabla 

22 

931 

779 

799 

917 

22 

•— 

— 

— 

949 

No  alaetronie  racord 

dua  to  erowbar‘*awitch 

failura. 

24 

993 

774 

799 

439 

rragaantad  pro^actila 

29 

290* 

909 

Two  Butsla  flaahaa. 

rro^Bctila  Biaaad 
paadwluB 

29 

439* 

929* 

999 

491 

Two  Bttiila  flaahaa. 

Boaaibla  fraoaantation 

The  velocities  maciced  with  a  '*■'  above  them  represent  the  most  dubious  of  the 
results. 


TABLE  3 


Results  for  u>,  L  , t  and  L  /t  obtained  from  the  analysis 
o  o 

of  the  current-time  records  of  the  RPIP  series 


itPZV  Angulftr  ■••enast  Praquaaey  Xstaraai  Indvctaaea  Tiaa  Conataat  Circuit  Kaaittance 

Shot  U>(M  10^  rad/a)  ^1)  T(x  io~*  aac)  VT  (lO 


1 

9.9 

± 

0.2 

± 

0.4 

ZaattCfiCiaat 

eurraat-tiaa 

1  data 

z 

9.9 

t 

0.2 

4 

0.4 

9.3 

4 

0.0 

7.7 

4 

1.2 

a 

9.S 

± 

0.2 

4 

0.4 

9.9 

4 

0.0 

7 . 5 

♦ 

1.3 

4 

10.0 

t 

0.2 

4 

0.3 

0.9 

4 

0.0 

7.4 

1 . 3 

9 

9. a 

t 

0.2 

4 

0.3 

a.i 

4 

0.0 

7.0 

4 

1 . 3 

S 

Curcaat-tiM 

data  ioat 

la 

traaafar 

7 

Mo 

curraat* 

-tiaa  racord 

a 

Curraat-tiaa 

data  ioat 

ia 

traaafar 

9 

10.0 

t 

0.2 

9.2 

4 

0.3 

7 . 9 

4 

0.0 

0.2 

4 

1.2 

10 

9.9 

t 

0.2 

9.9 

4 

0.3 

0.9 

4 

0.0 

7  4 

♦ 

1.3 

u 

9.9 

± 

0.2 

9.4 

4 

0.3 

0.2 

4 

0.0 

7  7 

4 

1.2 

12 

10.2 

t 

0.2 

9.0 

4 

0.3 

7.9 

4 

0.0 

0.0 

♦ 

1.2 

13 

10.1 

t 

0.2 

9.1 

4 

0.3 

a.  1 

4 

0.0 

7.9 

4 

1 . 2 

14 

Mo 

curraot-tisa  raeord 

19 

t 

0.2 

9.9 

4 

0.9 

0.9 

4 

0.0 

7.2 

4 

1  2 

IS 

10.0 

± 

0.2 

9.2 

4 

0.3 

0.3 

4 

0.0 

7.5 

♦ 

1.2 

17 

± 

0.2 

9.9 

4 
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THE  SOLOTIOH  OF  EIRCHHOFF'S  EQOATIOH  WITH  -  L’/R‘ 


In  this  appendix  It  Is  shown  that  a  solution  to  Klrchhoffs  equation 
given  by  equation  (18>  can  be  obtained  without  a  knowledge  of  the  projectile 
displacement  x(t)  and  rallgun  current  I  only  when  Lq/Ri  “  L’/R'  where  R^  is 
the  sum  of  R  and  R^  and  Is  assumed  to  be  constant.  Assuming  that  L^,  L'  and 
R'  are  also  constant.  Equation  (is)  can  be  written  as: 


I,  e 
o 


-R  t/L  . 
1  o  d 


(1 


R  t/L 
1  o, 
e  ) 


dt 


-L'e 


-R't/L’d(i  X  e 
dt 


R't/L' 


(A-1 ) 


Multiplying  Equation  (A-l)  by  exp(R't/L')  and  then  Integrating  with  respect  to 
time  from  t^  yields: 


D-r/T  • 

-L'(I  X  e‘‘  -  l(t  )x(t  )e  ' 

c  c 


» -I 


<R'/L'-R  /L  )t  , 

L  e  '  ®  ®  ’clt 

0  at 


(A-2) 


The  Integral  on  the  right  hand  side  of  Equation  (A-2)  can  be  evaluated  without 
a  knowledge  of  i  only  when  the  time  constant  associated  with  the  rails  (L'/R’) 
is  equal  to  the  time  constant  associated  with  the  externa)  rallgun  circuit 
(L^/Rj).  When  this  condition  holds.  Equation  (A-2)  becomes: 


R't  /L'  L  R,t/L  R  t  /l 

I  X  e“  -  I(t  )x(t  )e  -  rr  (I  e  ^  -  Kt  )e  '  "^  °) 

c  c  L'  c 


(A-3) 


An  alternative  form  of  Equation  (A-3)  Is: 
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l(t  )(x(t  )  +  L  /L') 
C _ c _ 0 

(x  ♦  L  /L'  ) 
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exp(-(R.  (t  -  t  )/E  ) 
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(A-4) 
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